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ABSTRACT 


-Granulite facies terrane located along the north shore of Lake Atha- 
baska was examined, in an area near the border between upper amphibolite 
and lower granulite facies metamorphism. Pelitic schists, probably in- 
cluding some dolomite, were intruded by a small ultramafic body, super- 
imposing a higher temperature on an already upper-amphibolite facies 
regional metamorphism. Granulite facies mineralogy was produced in 
both the intrusive and intruded rocks. This mineralogy was eontrolicd: 
by bulk chemistry of the rock; the ultramafic intrusives became 
2px-hb-bt-plag—qz rocks, the pelitic schists either gt-cd-sil-bt-ksp- 
plag schists and gneisses with occasional orthopyroxene or quartzo- 
feldspathic rocks with minor biotite as the only observed mafic mineral. 
Igneous~appearing quartz-feldspar rocks of granitic composition occur 
locally in the ultramafic body and are interpreted as products of ana- 
tectic melting of intruded schists. 

Thin section textures support equilibrium, but mineral chemistry 
does not. Plots of Mg/Fe ratios for various coexisting minerals show a 
wide scatter of points. Garnets (average alm 62.1 py 33,4 gr 2.9 sp 1.9), 
biotites (mostly phlogopites, though with a wide compositional range) 
and orthopyroxenes (average fs 28 en 70 wo 2) are unusually rich in 
Mg, while cordierite is poor in it (Mg/Fe = .7). Hornblende is anomal- 
ously Ti-poor, and ilmenite is usually the only opaque mineral. Two 
generations of biotite and hornblende exist, one prograde and one retro- 
grade. The plagioclase is labradorite in all rock types. Bulk chemistry 
of the intrusives is very basic, with Sid, less than 50%, and with higger 
CaO, MgO and Fe 0. and FeO than most comparable granulite-facies norites. 

Data from several different mineral compositions and assemblages 
support conditions of 780° to 830°C and 745 to 8 kb for. the sranulvec 
facies metamorphism. Further retrogressive metamorphism took place during 
a prolonged period following the granulite facies pulse. Emplacement of 
granodiorite bodies nearby under lower amphibolite facies regional condi- 
tions introduced basic dykes, pegmatites and potassium-bearing solutions 


into the area. Uranium mineralisation is probably related to this episode. 
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CHAPTER I: INTRODUCTION 


Location and Physiography 

The samples collected lie in the Fond du Lac map sheet (74 0 
1:250,000 scale); most samples are also on the Isle Brochet, Sask- 
atchewan, map sheet 470758 1250,000) seale).. ithe main-area of 
concentration lies between 59°23' and 59°28" N,; and 107°35' and 
107°48" W, along and inland from Wasahaw Bay, on the north shore 
of Lake Athabaska (figures 1 and 2). 

The area is uninhabited, and is accessible by float plane from 
eee Chey. Sarena 75 km to the west, or by boat from 
Fond du Lac, Saskatchewan, about 35 km to the east. 

Along the shore, bedrock exposure is excellent, and in many 
places unweathered rock is exposed from the lake's August surface 
up about one metre to the ice-scour line. Total relief in the area 
is about 120 m, ranging from lake level of about 220 m to hills and 
ridges approaching 340 m. Bedrock exposure on the ridges is good, 
although underbrush limits accessibility and makes exposure discon- 
tinuous. The terrain is rugged, and rivers and creeks are not navi- 


gable. 


Previous Work 
The area is included in the map-sheet report of Baer (1968), and 


similar rock types in adjoining map-sheets are described by Christie 
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Figure 2: Previous work 
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(1952), Colborne (1960, 1961 and 1962) and Colborne and Rosenberger 
(1963). Previously, large-scale mapping was done by Alcock (1920 


and 1936), and more detailed work to the east by Kranck (1955). 


Method and Scope 

The object of this study was detailed examination of mineralogy 
and geochemistry of the granulites of the Archaean Tazin Group, in 
order to establish their state of equilibrium and metamorphic history. 
Information was to be obtained on the distribution of trace elements. 
In addition, the study was to attempt on chemical grounds to ascertain 
the pre-metamorphic rock type, about which some controversy exists 
(Baer, 1968). To this end, detailed sampling was done in Baer's units 
three (gt~-sil-px-bt Selle and four (px amphibolite), particularly 
near their contact. Samples were also taken of Baer's unit one 
(px-gt gneiss) and six (azn bt gneiss). 

Field work was carried out during the lust two weeks of August, 
1975. Seventy-five samples were taken in the area of concentration 
in and around Wasahaw Bay, and an additional fifty from Fond du Lac 
village and from Grease Bay to the east. From these, fifty thin 
sections and nineteen microprobe slides were prepared. Major element 
I. Mineral abbreviations used are: ab-albite; alm-almandine; an-anor- 
thite; and-andesine; bt-biotite; chl-chlorite; cd-cordierite; cpx- 
clinopyroxene; en-enstatite; fs-ferrosilite; gr-grossularite; gt- 
garnet; hb-hornblende; ilm-ilmenite; ksp-undifferentiated alkali 
feldspar; lab-labradorite; mic-microcline; ph-phlogopite; px-un- 
differentiated pyroxene; py-pyrope; mu-muscovite; opx-orthopyroxene 3 


or-orthoclase; plag-undifferentiated plagioclase; qz-quartz; ser- 
sericite; sil-sillimanite; zr-zircon. 
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analyses were done on ten samples, and trace element analysis on these 
and an additional thirty-four. Energy-dispersive microprobe analysis 
was carried out on amphiboles, biotites, pyroxenes, garnets, feld- 
spars, cordierites and one ilmenite-magnetite pair. For analytic 


techniques, see B Hall-Beyer (1976). 
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CHAPTER II: FIELD DESCRIPTION 


In the field, two types of rock are distinguished: PM dark, 
massive rocks, amphibolitic in appearance, and 2) more acidic ma- 
terial. The latter varies considerably, and in particular may or may 
not be garnetiferous. There is no distinction in the field between 
the garnet-bearing and garnet-free types. 

The acidic rocks vary from nearly pure, coarse-grained quartz- 
ite to a mesocratic salt-and-pepper qz-px-feldspar rock to a rock 
with prominent garnets, usually less than 5 mm across, but occasional- 
ly occurring as large, irregular crystals up to 5 cm across, with 
numerous quartz inclusions. 

These acidic rocks may be white or pink, the latter resulting 
either from the presence of pink feldspar or from staining from hema- 
tite. The hematite bears no apparent relationship to rock composition, 
associated rocks, or small-scale structural features such as joints 
or faults. None of these stained rocks was used for chemical data. 

In the section at the head of Wasahaw Bay (samples 7057-7076), 
garnet-free and garnet-bearing types occurred with no contacts ap- 
parent between them. In particular, the sillimanite-bearing rocks, 


appearing schistose, alternated with a friable qz-bt-feldspar gneiss 
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in an area where any gradations, contacts or intercalations were bur- 
ied under muskeg. 

| Pegmatite, 7079, occurs as a thick (about 3 m) unit trend- 
ing E-W, which is for the most part concordant with banding within the 
surrounding gneiss, and is apparently concordant with the contact 
between units three and four. It has no. visible textural or miner- 
alogical variation across it; it does, however, have small stringers 
jutting into the adjacent gneiss. 

Both this’ acidic type and the melanocratic rocks alter- 
nating with it occur in broad bands and appear to correspond well 
with Baer's descriptions, although the two are much more closely in- 
terrelated than is evident from his report. 

A typical contact between mafic and acidic rocks shows the acidic 
material to be somewhat coarser than the mafic, and to appear in- 
trusive into it (figure 5). Away from the contact, the mafic rock 
contains regular, about 30 cm layers of the coarse acidic material. 
At times, the coarser layers branch and include elongated pods of the 
mafic material. 

A detailed map of the section along a een d point in the 
lake was done (figure 6: 7083 series). This section of about 175 m 
length is on the contact between units three and four as mapped by 


Baer (1968), and also on the contact between "gneiss" and "gabbro, 
diorite, amphibolite, peridotite" in the 1936 map of Alcock. 
Sample series 7084-7093 is also unusual. Here, the acidic 


gneiss "country rock" containing occasional mafic bands appears 


highly altered, and contains hematite-stained areas and visible white 
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mica crystals. This is the only area in which ore minerals (uniden- 
tified, not pyrite) appear in gneiss in grains large enough to Wee 
in outcrop (about 2 mm). They are in a random distribution. As 
figure 4 shows, the area is cut by several 2 m thick dykes of black, 
mica-containing rock looking like an altered basalt. These contain 
xenoliths of garnet-bearing country rock which appear less altered 
than the country rock outside of the dykes. The xenoliths have al- 
tered margins; the dykes themselves have chilled margins. 

Alcock (1920 and 1936) describes "garnet~-bearing mica schists" 
(not observed) injected by basic rocks, both cut by pegmatite, and 
all three cut by lamprophyre and aplite dykes. His thin section 
description of the lamprophyre as opx-en-plag-mt, however, does not 
correspond with the dyke rock mapped here (section 7088), which 
is a ksp-bt-qz-chl-amphibole rock. 

On the basis of the small area examined, it was impossible to 
distinguish Baer's different units of the acidic rocks. The colour 
and presence or absence of garnet, pyroxene or sillimanite, on which 
he makes his distinctions, were all too variable within the acidic 


material to make any mappable distinctions. 
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Figure 4: Stations 7084-7093 


Figure 5: Detail above 
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Notes om Rock Types, 7083 Series 


Units are separated on the basis of textural or mineralogical 


differences in hand specimen. 


Two-pyroxene gneiss units: Sample numbers D,F,G,1,K,N, (M-hornblendite) 


Poke oy U, UcenGia 


Quartzofeldspathic units: Sample numbers 7083, A, E, H, L;, and Z 


Samples nct sectioned: B and J (mafic); C (acidic) 


Notes on specific areas of the section: 


Metres 


0-5 


50-70 


95-100 
175 


Note 

Alternating mafic and acidic bands, igneous texture on 
contact, 

Sample H is of a unit with very irreqular outline, stringers 
in apparently intrusive relationship to &. 

Unit samples as L has finer grained edges and a coarse centre 

Sample Z is a quartzofeldspathic intrusive appearina identical 


to acidic units lower in the section. 
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CHAPTER III: PETROLOGY 

On the basis of hand specimen and thin section examination, the 
rocks can be divided aronthmes categories: 1) two-pyroxene gneisses, 
2) gt-cd-sil gneisses and 3) quartzofeldspathic gneisses. These 
names are descriptive, and are used without genetic prejudice. I will 
use the term "granulite" as a facies designator, and not as a tex- 
tural term (Moorhouse, 1959). In this descriptive section, I will 
also use the term "altered" in the same way, indicating a rock show- 
ing change from its original mineralogy. The significance of this 
alteration, whether weathering, retrograde or prograde metamorphism, 
I will discuss separately in the section dealing with metamorphic 


history. 


Two-Pyroxene Gneisses 


In hand specimen these rocks are dark grey in colour, and medium 
to coarse grained (.5 to 5 mm). A fresh surface shows shiny cleavage 
faces which may be mistaken for biotite before close examination. 
Quartz and feldspar may form distinct bands, but they also occur as 
visible grains within predominantly mafic bands. 

In thin section, these rocks contain the association cpx~-opx- 
hb-bt-ilmtqztplagtksp (plate 10). In sections 7082, 7083D5" 2033F, 
70831, 7083K, 7083N, 7083R, 7083S, 7083T and 7083Y the minerals are 


unaltered; in six others — 7051, 7083P, 7083U, 7087, 7089 and 7093 - 
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alteration occurs to varying degrees as described under each mineral 
heading. 

The clinopyroxene is an augite; it is usually colourless, but 
occasionally is pleochroic to a very pale green. It is optically 
positive, with a 2V of approximately 60°. The crystals are anhedral, 
equant, and have rounded inclusions of quartz and feldspar, and oc- 
casionally of ilmenite. Although it is occasionally altered to show 
a dull grey, clay-like surface in thin section (plate 1), it is 
usually fresh and has a regular outline where it abuts crystals of 
other minerals. 

The orthopyroxene, most likely hypersthene, is pleochroic 
from white to pale pink. It is optically negative, 2V about 80°. 

It is anhedral, equant, and like the orthopyroxene includes quartz 
and plagioclase, and is overgrown by ilmenite. [It is often fractured, 
with ilmenite grains concentrated along the fractures. The crystal 
outlines are highly irregular in all of the large and many of the 
smaller crystals, Aeiie an unfresh appearance to even unaltered 
orthopyroxene (plate 2). Sections 70831 and /083R show a symplectite 
between orthopyroxene and plagioclase (plate 3). In 7083R, this 

abuts hornblende; this is not the case in 70831. An alteration as 
described for clinopyroxene sometimes occurs. 

Hornblende occurs in proportions which vary inversely with the 
sum of quartz and plagioclase present. It is always fresh, growing 
over the pyroxenes and quartzofeldspathic areas, although a concen- 
tration of ilmenite grains along its edges @uake 4) probabl’y in- 


dicates alteration (see below). Cleavage is very well developed. 
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In this group of rocks, hornblende is usually pleochroic from light 
yellow-green to olive to brown, although fresh-appearing green horn- 
blende does occur in sections 7083M and 7083N. This latter lacks the 
characteristic ilmenite association. Crystals are subhedral or 
anhedral, equant, with a smooth outline. Hornblende may include 
quartz and plagioclase, = rarely orthopyroxene. Fresh, euhedrel 
hornblende crystals occur within a small vein of feldspar in section 
7083K. | 

Biotite is common, and occurs as very fresh laths growing cver 
and into all other minerals. It is pleochroic from pale brown to 
red-brown (rarely green), and contains concentrations of ilmenite 
along cleavage planes, giving it the "bacon-strip' appearance very 
common in all of these rocks (plate 11)., Biotite is conspicuously 
lacking zircon inclusions with their pleochroic haloes. 

In all of these rocks, all four mafic minerals (clinopyroxene, 
orthopyroxene, biotite and hornblende) coexist without any inter- 
growths such as would indicate an ongoing reaction (plate 9). 

Ilmenite, and rarely magnetite, occur as small rounded in- 
clusions in the mafic minerals, and as laths in biotite and horn- 
blende, as noted above. The opaque minerals also occur as 
"independent" laths and grains within the body of the rock, ranging 
in size from dust particles to grains 1 mm across. They are always 
anhedral, and have all shapes in the range from equant to lath-like. 
In section 7083U an ilmenite grain has cleavages making it appear 


pseudomorphous after hornblende. In 7082, an ilmenite vein occurs. 
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Plate aii. Natural light. Dark, altered pyroxenes contain 
quartz inclusions; surrounding white area is 


plagioclase. 


Plate 2. Natural light. Pyroxene contains quartz inclusions; 
biotite and dark hornblende overgrow pyroxene. Ilmen- 


ite is seen exsolving along cracks of pyroxene. 


PYROXENE ALTERED TO CLAY 
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Plate 3. Natural light. Arrow points to symplectite. 
Hornblende appears just below symplectite, not 
involved in it. Speckled white area is alkali 


feldspar; solid white area is quartz. 


Plate<4. Natural light. Large hornblende crystals show il- 
menite exsolved along cleavages and crystal edges. 
Small white inclusions are quartz; unlabeled crystals 


are also hornblendes in different optic orientation. 
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Crossed polarisers. Orthopyroxene (dark mineral) 
with rounded quartz inclusions is in a matrix of 
mocais quartz, with euhedral younger quartz at 
arrows. Note rare sphene crystal to right of 


younger quartz; mineral to far right is a biotite. 


Crossed polarisers. Inclusions in garnet are 
quartz; mottled area to lower left of garnet 


along garnet edge is chlorite. 
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Plate 7. Crossed polarisers. The mottled alteration product 
appears growing over a biotite. White mineral 
is a plagioclase; small black and white crystals 


are quartz. 


Plate 8. Crossed polarisers. Mottied black mineral is alkali 
feldspar; white minerals are all quartz, in addition 
to one labelled. Biotite occurs only as fine stringer 


(labelled); biotite is green in natural light. 
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Plate 9. Natural light. White inclusions in mafic minerals 
are quartz; dusty white mineral to far right is 


alkali feldspar; other minerals as labelled. 


Plate 10; Natural light. Small white rounded inclusions are 
quartz. Apparent amphibole cleavage in some ortho- 
pyroxene is deceptive; these aineraia are pink to 
white pleochroic in natural light. Note labelled 


hornblende. 
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Plate 11. Natural light. Red biotite occurs in a matrix of 
quartz, plagioclase, alkali feldspar. Note ilmenite 


exsolved along biotite cleavages. 


Piate eZ, Natural light. Centre area, very fractured inclusion 
is brown hornblende; green hornblende surrounds it. 


Note exsolved ilmenite along hornblende cleavages 


and fractures. 
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Plagioclase occurs as noted as inclusions within the mafic min- 
erals, as well as within the body of the rock. Using twin extinctions, 
the most common composition is a calcic andesine or labradorite, 
Potassium feldspar usually occurs as perthite, but erthoclase is also 
present. Both feldspars may be fresh or sericitised to varying degrees. 

Quartz occurs in some of these rocks independently of the inclu- 
sions in mafic minerals. Where it does so, it is primarily in large 
mosaic crystals with undulatory extinction. in section 7083D it also 
eccurs as small anhedral fresh grains not particularly associated 
with any other mineral (plate 5). 

Apatite is a minor accessory, occurring as smail euhedrai lat 
and hexagons. There is a notable absence of zircon or sphene. While 
the latter is characteristically absent from granulites (Parker, 
1971), zircon was noted in the rocks to the east of this area by 


lcock (1936), as was tourmaline. 


Garnet-Cordierite-Sillimanite Gneisses 


Sections 7079A, 7079B, 7091 and 7099, and the altered rocks 


sections 7050A, 7079C, 7083B, 7095 and 7096, are predominantly 


nating minerals. They very carely also contain fractured ortho- 
pyroxene. In hand specimen they are medium to coarse-grained white 

to blue-grey in colour, with individual crystals of pink garnet clear- 
Ly wisible.. tll-deftined gneissic texture is present, delineated by 
thin stringers of biotite within the more massive quartzofeldspathic 


layers. Sample 7079 is a pegmatite with biotite, quartz, orthoclase 
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and sillimanite crystals from .5 to 20 mm in size. Not all of these 
rocks contain all three minerals in one thin section, but they are 
clearly associated in the rock type, and do occur together in five 
of the eight sections. 

The garnets are pale pink in thin section, and may be either 
very fractured or quite fresh. The degree of fracturing appears 
unrelated to genesis, as fractured and massive garnets occur in close 
proximity and in Sine a identical associations. All garnets con- 
tain rounded quartz inclusions; some may include sillimanite. In 
sections showing alteration of many minerals, garnets have chlorite 
developed around the edges, along fractures and around inclusions 
(plate 6). Biotite also replaces garnet in altered rocks. 

Cordierite appears Susanne garnet; it occurs as rounded 
crystals, anhedral and equant. In all sections it is extensively 
pinitised, giving a pale yellow-green colour in natural light. The 
pinite also masks any twinning which might be present: none was ob- 
served. Where occurring next to garnet both garnet and cordierite 
exhibit clear, uniform outlines. Cordierite does not appear to be 
included in other minerals, but it includes apatite. 

Sillimanite occurs as square cross-sectioned crystals or as 
lath-like prisms (plate 6). Some garnets have very fine needle-like 
inclusions which might be sillimanite, but this was unverifiable. 

Biotite occurs in all sections, in fresh laths similar to those 
described for the two-pyroxene gneisses, or occasionally green. The 
sillimanite and biotite make this rock sometimes appear schistose in 


hand specimen, but thin section textures would include it in the 
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gneisses, 

Quartz occurs as medium to large crystals which look uniform at 
maximum illumination (plate 5) but which upon rotation "break up" 
into smaller units, each showing undulatory extinction. Myrmekite 
(plate 7) sometimes occurs, composed of quartz and orthoclase only. 

The feldspar is usually sericitised orthoclase, though section 
7088B contains some plagioclase, which appears to be calcic andesine 
or labradorite. Orthoclase is occasionally twinned, and appears in 
places transitional to microcline. This is typical of conditions 
near the amphibolite-granulite facies boundary (Fngel and Engel, 
1960). Orthoclase contains inclusions of sillimanite both as square 
crystals and as fibrolite; these inclusions are absent from quartz. 
In the 7094-7100 series, some orthociase has less-sericitized rims 
containing a felting of apatite surrounding highly sericitized cores. 

Opaques are peseene, but not so abundant as in the two-pyroxene 
gneisses; they occur here in similar associations. Apatite is also 
a common accessory. 

Many of these rocks contain an unidentified "alteration product" 
which appears to be a sheet structure (plate 7). In natural light 
it is pleochroic from white to a uniform yellow or pale yellow- 
green colour. The based variety is more common in association with 
garnet, suggesting a chlorite-like material. Interference colour is 
lower first order straw yellow. Extinction is sometimes parallel and 
sometimes oblique, or varies from one to the other in concentric 
areas of the same mineral. The extinction pattern with crossed ni- 


cols resembles a perthite; it was impossible to obtain an interference 
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figure or optic sign. This material appears in association with 
garnet, sillimanite, biotite, orthopyroxene and ilmenite. Qualita- 
tive: analysis with the microprobe indicates an iron-magnesium-alumin- 
um silicate. A quantitative analysis was undertaken (see Table III), 
although the small grain size and highly variable optics indicated 
that it might not be meaningful. The resulting chemistry corresponds 
to no single known mineral. Himmelberg and Phinney (1967) describe 

a possibly similar material from Minnesota granulites, having a 2V of 
about ple their qualitative microprobe data show an iron-magnes- 

ium silicate, and they tentatively identify it as serpentine. Their 
mineral, however, is apparently less aluminous than the Wasahaw Bay 


material, and it occurs only in association with orthopyroxene, 


Quartzofeldspathic Gneisses 
Samptes 70/70, 70796 7081A,. 7083, /083E, 7033H, 7083L, 70832, 


7085, 7094 and 7100 resemble the garnet-cordierite-sillimanite gneisses 
in every aspect except for the absence of the diagnostic minerals, and 
may represent layers in the gneiss containing relatively less mafic 
component. The main mafic constituent is a fine green-brown biotite 

. (plate 8). In hand specimen the two groups are also nearly identical. 
Section 7079, from a qz-ksp-bt pegmatite, also contains grains of 


monazite, as verified by qualitative microprobe analysis. 


Other Rock Types 
Four sections, 7083A, 7083M, 7084 and 7088, fall into none of 
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these categories. All but 7083M are highly altered rock of indeter- 
minate protolith, containing "bacon strip" biotite and chlorite, with 
a nanceround probably composed of potassium feldspar extensively 
altered to sericite or a clay mineral. Presence of some fine-grain- 
ed actinolite or similar amphibole is possible, but not confirmed. 
Section 7084 consists of this alone, while 7083A and 7088 have in 
addition large unaltered quartz grains and apatite laths, and also 
very fresh green biotite and opaque minerals. 

eee 7083M is a hornblendite, with anhedral crystals about 
5 mm across. They are pleochroic from pale green to yellow-green 
to dark green, not to brown as in the two-pyroxene gneisses. The 
large hornblende crystals contain quartz and opaques as blebs and 
opaques as laths paralleling cleavage (plate 4). As weil, there are 
small (0.2 mm) fragmented iaeneibaee crystals with a similar optical 


characteristic (though brown), and with a different orientation 


within the large hornblende crystals (plate 12). 
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CHAPTER IV: WHOLE ROCK CHEMISTRY 


Major Element Analyses 

XRF major element analysis was completed for ten samples. Of 
these, seven are of two-pyroxene gneiss, one of hornblendite (all 
Tabie™ :1 part I), one of quartzofeldspathic gneiss (Table I Part 
III), and one of highly altered "chloritite"’ dyke rock (Table I 
Part VIL). All are from members of the 7083 series (see figure 6). 

The hornblendite, 7083M, is very similar in chemistry to the 
two-pyroxene gneisses, being slightly enriched over them in MgO and 
CaO, and depleted in K,0. Of the rest of the two-pyroxene gneisses, 
the chemical variations are minor, and reflect differences in 
mineralogy: a) the 3% K,,0 in section I is reflected in abundant 
white mica, both as sericite and as the occasional lath. b) D, 
with abundant apatite, contains significantly more PO. than average. 
c) G, I, M and P contain higher MgO than average: G,°I:and-P-are high 
in both orthopyroxene and biotite (phlogopite). d) N, with higher 
CaO, has more plagioclase. Other CaO variation is probably explain- 
able by variation in amount of clinopyroxene. e) Alkali content 
reflects adequately the presence of sericite and biotite, although it 
is apparently no indicator of alkali feldspar. f) There is no 
significant variation among the rocks in total Fe, TiO,» MnO, P,0. 
or S, the last being uniformly absent or extremely low (less than 


0.04%); there is little mineralogical reason for any variation in 
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these elements, although it is interesting to note that total Fe re- 
mains roughly constant despite substantial differences in the Fe con- 


tent of both pyroxenes and biotite (see below). 


CIPW Norms 

CIPW norms were calculated by a University of Alberta library 
programme, using an oxidation ratio of 0.3, taken as average for 
rocks of basic composition (Bayly, 1968), since only total Fe was 
determined. Although the eight samples of two-pyroxene gniess (in- 
cluding hornblendite) do not represent a statistical population, 
interesting features are described below. Values are in Table II. 

Although all of the two-pyroxene gneisses fall into the tho- 
leiite basalt system, D and F are quartz-normative, and the rest 
are all olivine-normative, the latter being typical of most gran- 
ulites (Manna and Sen, 1971). However, Wood (1975) finds that for 
some Scottish granulites, olivine-normative rocks are garnet-clino- 
pyroxene-plagioclase modal, while quartz-normative rocks are plag- 
ioclase-two-pyroxene-quartz modal. Here, the rocks with two pyroxenes 
are mostly olivine-normative, reflecting modal hornblende. 

In detail, various samples differ considerably. Not surpris- 
ingly, the hornblendite is the most basic of these rocks, followed 
closely by section I which contains almost no modal quartz and feld- 
spar. Both I and M contain normative plagioclase of An greater than 
80. Section I, alone among these rocks, contains no normative hyp- 
ersthene, and is nepheline-normative. 


The quartz-normative rocks, D and F, have An averaging 55, as 
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compared with an average of 67 for the four "intermediate" rocks. 
These latter ee K, N and P) all have similar normative pyroxene, 
which is much higher in the Fs end-member than are either of the 
two extreme groups' pyroxenes. This is due, most likely, to the 


higher TiO, an the quartz-normative rocks. In the more basic group, 


2 
the pyroxene composition is due to a variety of factors, which are 
not significant for the modal mineralogy of the rock. 

D, with notably more modal apatite, also contains nearly 
twice the erate normative apatite. I, containing abundant mica, 
has high normative orthoclase; this is true to a much lesser ex- 
tent of P, which is highly sericitised but contains little or no 
actual mica as laths. 

The remaining samples, A and E, also reflect the bulk (norma- 
tive) chemistry well in their modal mineralogy. A, with a large 
percent of actual micas, has high Al and K content reflected in 
normative orthoclase and little plagioclase, that of And. Eisa 


typical quartzofeldspathic rock, with normative Anl4 despite its 


more calcic modal plagioclase. 


In summary, the two-pyroxene gneisses break down into two groups 
on narm data: the quartz-normative and the olivine-normative. This 
reflects a sampling bias in the field between quartz-containing layers 
(quartz-normative) and the more massive mafic layers with less modal 
quartz (olivine-normative). 

Although the modal mineralogy of the rock is a result of meta- 
morphism, the differences from the normative mineralogy are predict- 


able on two bases: the "movement" of K from feldspar to micas and the 
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"reaction" of olivine to form pyroxenes and amphiboles. These norms 
are not ae een different from those of Adirondack gabbros (Bud- 
dington, 1939) or Australian charnockites (Prider, 1945), the dif- 
ference being accounted for by the more basic chemistry of the Wasahaw 


Bay rocks, which have more calcic plagioclase and less hypersthene. 


Trace Element Chemistry 


Table I shows trace element analyses, divided into each of 
the main rock types. Groups I, III and V contain rocks typed by 
thin section examination, along with pertinent statistics; groups 
II, IV and VI are arranged entirely by hand specimen examination and 
are kept separate and presented for completion's sake, as I do not 
feel justified in including these in the discussion, with rock type 
identification less than certain. In addition, several meds are 
listed in Table I part vit which are highly altered from their ori~ 
ginal mineralogy, such that they cannot be reliably placed in any 
category. 

Of the elements listed, Li, Sc; V, Cr, Ni, Mo and Pb were deter- 
mined by atomic absorption spectroscopy; Cu, Zr, Sr, Y, Rb, Nb and 
Ba by X-ray diffraction. Ni and Cr were determined by both methods, 
and since agreement was within 10% in nearly all samples, atomic ab- 
sorption values are listed in Table I. 

Unfortunately, much of the literature concerning trace elements 
in granulites interprets their trends during progressive metamorphism 
of homogeneous assemblages, as discerned over a wide area (Drury, 1974; 


Heier and Thoreson, 1971; Heier and Taylor, 1958; Sighinolfi, 1971). 
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All of the rocks here, however, have apparently reached a similar 
metamorphic grade (Baer, 1968 and below), and so interpretation must 
rest on the leas confident grounds of comparison with other areas 

of similar grade and composition, 

Li is approximately double the published values for granulites 
(Holland and Lambert, 1972; Howie and Subramaniam, 1957; Sighin- 
olfi, 1971), and may be much higher in rare instances. Cr in the 
two-pyroxene gneisses is nearly triple published values (Sighinolfi, 
1971), while it is more nearly average in other rock types. Ni is 
also very high, and the Cr/Ni ratio of about 2.5 for the two-pyroxene 
gneisses would indicate a very mafic protolith. 

Ba is considerably lower than usual for granulites, although 
occasionally it is high in a single rock, and one alkali feldspar 
contains 3.3 mole percent of the celsian molecule. The ratio of 
K/Ba is higher than usual, but) is very variable (See Table Ta), as 
is K/Rb, probably reflecting the very variable K content, which 
exhibits no trends which would differentiate one rock type from 
another. Although he gives no figures, Drury (1974) states that 
both the Ba and Sr contents decrease markedly in retrogressed gran- 
ulites, a trend possibly borne out here, although no across grade 
comparisons are possible. Sr is lower than average, closer to igneous 
rocks than to granulite facies rocks, although a plot of K vs. 

Rb/Sr falls Hite within the lower granulite facies area (Sighinolfi, 
19 

Rb is quite significant in that, although it varies considerably 

from rock to rock, it is bimodal, one mode being near average and 


the other much higher. K/R&b, however, is consistently much higher 
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than the crustal average of 230, a condition indicative of granulite 
facies metamorphism (Heier, 1973). Apparently Rb is more compatible 
in micas than in alkali feldspar, the former breaking down in favour 
of the latter with the advent of granulite facies temperatures and 
pressures, 

Zr is lower than average, reflecting the surprising lack of 
accessory zircon in any of the sectioned rocks. Mineral analyses 
show most Ti in fintetiiee and Na in albite: Zr in the pyroxenes 
would also be low, following pyroxenic Na and Ti. This may indi- 
cate that Zr differentiated into the peematites in this area; this 
is supported by the lower than average Sc values. 

Other elements for which the above references list data (V, Mo, 
Pb, Zn) are near normal values for their respective lithologies of 
granulites. Cu also appears unremarkable for basic rocks, although 
no average data were found. 

Y is average for Archaean rocks, although within this suite 
Y vs. Ca plots as scattered points and Ca/Y varies from 1500-8800, 
with a mode around 5000. Y is not significantly different from one 
lithology to another; all are similar to meta-igneous Madras charn~ 
ockites. The high Ca/Y would indicate a non-differentiated igneous 


origin for these rocks (Lambert and Holland, 1974). 


Great variation from trace element averages, especially depletion 


of Sc and enrichment of Li, Sr and Zr, occurs in some of these rocks 
(7050A, 7079A, 7083A, 7084, 7087, 7096). These may be altered from 
their original trace element chemistry, although it does not appear 


so in thin section. Nevertheless, the obviously altered sections 
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do not necessarily show these same trends, and so an explanation would 
have to rest on an individual basis and not on any general alter- 
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CHAPTER V: MINERAL CHEMISTRY 


Garnets 

As seen in Table III and figure 7, the average composition of 
garnets analysedris»alm62s Lyepy333.4,) e@r2.9,.spl.9. There is a very 
narrow range of compositions, even considering that most of the an- 


alyses are from 7079A and 7093-/099. As Fe,0, was not determined, 


5 
all Fe is calculated as FeO: this assumption does balance the charge 
in the garnet formula. As the andradite molecule is usually so low 

as to be negligible in granulite facies rocks (Howie and Subraman- 
iam, 1957; Ramaswamay, 1971), it can safely be disregarded, de- 

spite Alcock's (1936) assumption from optical data of a high-andradite 
garnet from the eastern end of Lake Athabaska. 

The composition is somewhat surprising given that published 
analyses for granulite facies garnets usually contain greater almand- 
ine (Wagner and Crawford, 1975; Wynne-Edwards and Hay, 1963; Howie 
and ee ea 1957) and considerably less pyrope. The Wasahaw 
Bay garnets fall well within the very wide granulite-eclogite facies 
range of Yoder and Chinner (1958), except for being low in Ca. Even 
with this low Ca, these garnets do fall well within analyses typical 
of Appalachian granulites, and as far as possible from those of the 
amphibolite facies (Wagner and Crawford, 1975): 

Published analyses with comparable almandine nearly ee con- 


tain considerably more grossularite, with a pyrope content OF 5. to 
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25. Conversely, garnets of similar pyrope content elsewhere usually 
contain more grossularite and less almandine (Deer, Howie and Zussman, 
1963). Albee (1965) finds that garnet associated with sillimanite 
has less grossularite component than that in association with horn- 
blende, but this is not the case here. Compositions similar to those 
found in Wasahaw Bay rocks, although found rarely in the Adirondacks 
and in India represent extremes for their area. 

These very Mg-rich garnets, then, even though not taken from 
the 7083 series, may support a highly basic protolith within the 
entire area, although from field considerations these rocks are 
more likely to be metapelites; the trace elements of these rocks 
are average in Cr and Ni. A likely alternate explanation is the 
intermixing of a very minor amount of calcite-free dolomite in the 
pelitic sediments as a Mg source. 

The garnets plot on a sp-py~alm triangle (figure 7) well 
within the field of the granulite facies for metapelites (Miya- 
shiro, 1953); indeed, some overlap the stability field on the high- 
Mg side. Miyashiro believes that increasing pressure leads to an 
enlargement of the compositional field in the direction of the sp- 
py join. Of course, pyrope rich garnets are most common in eclogites, 
but it is possible that less high pressure might produce a less marked 
effect of increasing Mg content. Although he attributes Mg enrichment 
to the coordinated effect of decreasing Mn and increasing Mg stability 
due to ionic radius differences, and although spessartine content 
of these rocks seems quite average, the high-pressure explanation is 


a distinct possibility to be considered below with others for a 
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metamorphic model. Froese (1963) notes that Mg in garnet increases 
with greater temperature as well as pressure, and Green and enevood 
(1967) obtain a more Mg-rich garnet at lower pressures in this sort of 
undersaturated rock than in a saturated one. 

Unfortunately, much of the interpretation of garnet bearing rocks 
rests on the Mg and Fe contents of bulk rock and separated garnet re- 
spectively; the former data are not available. However, it is interest- 
ing to note that for the ay Seed. oe rocks of the 7083 series, 
the Fe/(FetMg) ratio is 0.59 (quartzofeldspathic gneiss) to 0.55 (two- 
pyroxene gneiss average). This agrees with both Binns (1965b) and 
Hensen (1971), who divide garnetiferous from non-garnetiferous rocks 
on a Fe/(FetMg) ratio for the whole rock of 0.65 £0.03, those lower 
being non-garnetiferous. Also, these garnet-~free rocks plot in the 
proper field of Martignole and Schrijver's (1973) diagramme 
separating the two on the basis of Fe/(FetMg) vs. mole percent anor- 
thite in coexisting plagioclase. The position of the dividing curve 
varies from one metamorphic body to another, but the Adirondack 


curve is not contradicted here. 


Pyroxenes 


As can be seen from figure 8, the orthopyroxenes are either 
bronzites, Fs 25-30, or less commonly Mg-rich hypersthenes, Fs 32- 
39. Clinopyroxenes coexisting with them are mostly augites, with a 
few Ca-poor augites, but these are more likely a "mixed" analysis 
across fine clinopyroxene-orthopyroxene exsolution lamellae. 


It is interesting that for the few coexisting orthopyroxenes and 
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Pyroxenes 


is 


S 


= . 
ois 
ne 
9 


re ei a SIT: 


‘genet = " Ooi 


eer 0 


oY, hk 
i; coe ie Ta Ae A 
: iy’ e r - a : Lf 
one oP So 
yd on. Wa ee a 


clinopyroxenes, all of the tie lines on the triangle diagram intersect 
the en-wo join between wo 70 and 80, except for one at wo 100: tins) 
reflects the thesis of Brown (1961) that this intersection point may 
well be at best coincidental and at worst meaningless. [It is also 
notable that the Ca-Fe-Mg plot on the same figure for the whole~rock 
analyses for which mineral tie lines exist shows that the pyroxenes 
are extremely rich in Mg in relation to the rock as a whole, although 
bulk Ca values lie predictably midway between the Ca values of the 
coexisting pyroxenes. 

In relation to both of these points it is notable that Muir 
and Tilley (1958) find an exception to the intersection point in 
volcanic orthopyroxenes, which are both notably enriched in Mg 
and "probably not in equilibrium." They believe metamorphic rocks 
to behave as plutonic rocks, while the Wasahaw Bay rocks are behaving 
more like unmetamorphosed volcanics. 

Several writers have commented on the occurrence of Al in 
orthopyroxenes (Brown, 1961; Bhattacharyya, 1971; Nikitina et al., 
1967; White, 1964). Although a low-Al pyroxene would be produced by 
reactions involving decrease in anorthite content in plagioclase, 
(an>cpx), there is no indication of "deanorthitization" here. Bar- 
ring this reaction, the content of Al in orthopyroxenes rises with 
increase in pressure, but no mathematical relationship has been ar- 
rived at. Qualitatively, these rocks lie below the eclogite facies. 
More exactly, Bhattacharyya has derived a formula for dividing igneous 


from metamorphic orthopyroxenes by plotting Met+Fe vs. Al. By his 
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formula, all of the orthopyroxenes in this study would fall well below 
the division in the igneous field. The total Fe content of these 
orthopyroxenes also falls within the range for the overlap of igne- 
ous and metamorphic rocks; none falls into either the solely igneous 
nor the solely metamorphic field. The composition of orthopyroxene 
resembles closely that from Grenville norites (Deer, Howie and 
Zussman, 1963), but is much more Mg-rich than average granulites,. 
Bhattacharyya (1971) finds Mg increasingly replaced by Fe with rising 
pressure, except in the case of extreme bulk composition (not ap- 
plicable here) or disequilibrium (possibly the case here: see below), 
thus countering the evidence from garnets. All of the Wasahaw Bay 
orthopyroxenes are low in A1,045 high A1,0. indicates metamorphic 
origin (Deer, Howie and Zussman, 1963). 

In general, then, the orthopyroxenes are igneous in origin. 
The clinopyroxene abies. are not incompatible with this, although 
much less work has been done to distinguish between igneous and 
metamorphic clinopyroxenes. Data and relationships between the two 


pyroxenes will be treated separately below. 


Hornblende 

Table III lists compositions for hornblendes. Chemically, they 
are typical of hornblendes from the lower granulite facies; however 
they do differ markedly in a few aspects. 

The primary variables with temperature and pressure among the 
amphiboles are alkali content, total of X and Y site occupancy, TL 


content and Al substitution for Si in the Z site (Bard, 1970; Binns, 
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1965a; Raase, 1974; Ray, 1970; Sen and Ray, 1970; Wagner and Crawford, 
L975). 
If considered on the continuum of end-members in the Ca-amphibole 


group, these hornblendes approximate to Ha agreeing well 


50° °3084 29° 
with the typical granulitic hornblende of Ts__Ed to Ha ta aid of 


D0 gro0 50. 625025 

Sen and Ray (1971) and Ray (1970). They differ only slightly from 
averages given by Ray (1970) by containing more atoms in the Y site, 
but cae still have a lower total Y-site occupancy than Binns' lower 
granulite facies hornblendes. As the differences in both cases is 
small, and in different directions, it is probably not significant. 

Although the average composition of the Wasahaw Bay hornbiendes 
is extremely close to Binns' analyses of hornblendes from near the 
orthopyroxene isograd, they contain considerably less ee Cle25 
average) than seems indicated. These hornblendes contain a high 
amount of alkalis, indeed the ean K (average 0.1) in the A site 
for the granulite facies (Bard, 1970); yet this high alkali content 
is in other areas associated with Wend ofamonre nearby Ll 5*to 220° (Ray, 
1970)? 2ASplottof n't (which varies with grade as art’ varies) vs. 
Si produces a point just below the 5-kb line (Raase, 1974) for 
rocks of this bulk composition. This line is based on the Kuban eas 
partitioning of hornblendes coexisting with kyanite, and is therefore 
not a quantitative geobarometer. 

It is possible that the alkali content is the better indicator 
of grade, and that ew does not necessarily correlate with it (Deer, 
Howie and Zussman, 1963). | 


The second factor in which these hornblendes differ markedly from 
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For several reasons, I believe that the low Ti content of these 


hornblendes is not analytical error. There has been no indication 
of abnormal Ti results using the University of Alberta microprobe 
(S. Launspach, personal communication). The standard for Ti was 
Odergaarden ilmenite; when run against this, the standard Kakanui 
augite yielded a Ti content of 0.464 weight percent as compared to 
0.444 weight percent in the standard analysis. For amphibole, 
several analyses of the standard Kakanui kaersutite done on the 
same machine and with the same standards gave results equally close 
to standard analyses: 

Smithsonian Institute (Jarosewich, 1973) 2.888 


Average wavelength- and energy-dispersive 
analyses, this lab 2,843 


Energy-dispersive analysis only, this lab Whee ST ee 
Other minerals (e.g. biotite, ilmenite) analysed during the same 
runs as these hornblendes yielded the expected Ti contents. The 
hornblende analyses were obtained on several different days, some 
spaced nearly a month apart, and yet no variation is observed such 
as would result from electronic instability. 

All of the authors referred to so far indicate increasing Ti 
content, with concomitant "browning" of the hornblendes, to be a 
sure sign of increasing metamorphic grade. Raase (1974) gives val- 
ues of Ti of 0.03 to 0.1 formula units (on a 24 oxygen basis) for 
the lower amphibolite facies, ranging upwards to 0.14 to ian? (mode 


0:20 £02027) for the hornblende-granulite facies; the maximum 
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within the range is among hornblendes coexisting with ilmenite. 
Yet the Wasahaw Bay hornblendes, which are brown to green-brown in’ 
colour and intimately associated with ilmenite, contain Ti aver- 
aging only 0.05 formula units, with one analysis of 0.12 being 
exceptionally high. The green hornblendes are less commonly as- 
sociated with ilmenite, and are probably later forming (from tex- 
ture). However, there is no chemical distinction between the two 
groups. Wagner and Crawford (1975) believe that Ti content of 
hornblendes is subject to its availability, and is not so much of 
a grade indicator‘as is the alkali content. Yet the presence of 
ilmenite around the brown (and some of the green) hornblende would 
make Ti seem very available and hence a good grade indicator. 
The question also remains of the brown colour, which here does not 
indicate a higher Ti content: can it nevertheless be used Ed 
indicate the granulite eee. 

The concentration of ilmenite would make exsolution a likely 
explanation for its presence, though no mechanism for this in 
the granulite facies has been documented. Recent data at the Uni- 
versity of Alberta (Ramsay, 1973; Nielsen, 1976) indicate that il- 
menite is normally consumed in prograde reactions involving chlorite, 
biotite and muscovite. If, as is possible, reactions occur during 
prograde formation of amphibole and pyroxene, then a retrograde ex- 
solution of ilmenite is likely. On the other hand, Sen and Ray (1971) 
hypothesize an increasing-temperature reaction involving hornblende 
of nearly this composition producing orthopyroxene, clinopyroxene, 


anorthite and both magnetite and ilmenite, diagnosed by ilmenite on 
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borders and cracks in hornblendes. The reverse reaction is diagnosed 
ny hornblende-quartz symplectites. Although hornblende is next to the 
one plagioclase-pyroxene symplectite (plate 3), it is not involved in 
it. There is no evidence of hornblende reacting with quartz, nor 

of pyroxenes growing at the expense of hornblende. Almost no mag- 
netite was observed (see below). 

Binns (1965a), whose rocks also rarely contained magnetite, states 
that hornblende ten less than 0.3 pero formula units coexists with 
ilmenite alone, while at more than 0.3 fee it coexists with both il- 
menite and magnetite; this result is not supported here. Binns' rocks 
belong to the low-pressure granulites, while Wasahaw Bay is probably 
intermediate-pressure (see below). 

It is possible that the hornblende is primary (igneous). Manna 
and Sen (1974) state that if the ratio Mg/(Mgt+Fe) of the hornblende 
divided by that of the whole rock is "approximately" equal to one, the 
hornblende is likely primary. Complicated by the fact that only total 
Fe was determined for whole rock analyses, and attempting to com- 
pensate for this by using total Fe for it and the hornblende, I obtain 
ratios of 0.85, ISVS" and: Zee: erneainly inconclusive.” But’, the 
end-member composition of the hornblende falls within the schist-amphib- 
olite field of Deer, Howie and Zussman (1963) and far from the basic 
igneous field. The hornblendes are certainly not anomalously Mg~rich, 
as are the orthopyroxenes, garnets and some biotites. Indeed, on the 
pyroxene triangle diagramme, the single analysis obtained for a horn- 
blende coexisting with both pyroxenes (point X, figure 7) plots well to 
the Fe side of the orthopyroxene-clinopyroxene tie line, and not on it 


as is usual with these minerals when they are mutually reactant 
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(Davidson, 1971). 

Sen (1970) finds that the Mg/(MgtFe) ratio of hornblende and the 
bulk rock are about equal if the hornblende is primary (igneous); this 
is not the case here, as Me/(MgtFe) of the two-pyroxene gneisses is 
always very close to 0.58, and of the quartzofeldspathic gneisses to 
0.30, while that of the hornblendes ranges upwards from 0.66, .Al= 
though Sen states that the presence of ilmenite might make this test 
unreliable, most likely it indicates a non-igneous origin for these 
hornblendes. 

Himmelberger and Phinney (1967) find the Mg/(MgtFe) ratio of 
secondary hornblende notably greater than that of primary hornblende. 
Table IV shows very similar values for all hornblendes except those 
from section 7083G, although texturally they are not different in 
any way. Katz (1968) finds retrogressive hornblende blue-green, as 
opposed to primary (metamorphic) brown hornblende. The 7083M horn- 
blende, most of which is green, is slightly higher in Mg, and does 
indeed seem to show two generations of metamorphic growth. How- 
ever, neither of these criteria points to a primary (igneous) 
hornblende, but rather to two metamorphic growths. By texture, 
both of these would be after the growth of the other mafic minerals, 
except for its contemporary biotite. This secondary growth must 
involve the production of ilmenite as noted above. Usually, the 
breakdown of hornblende results in the enrichment of the remnant 
hornblende in Ti (Sen, 1970); this is not the case here, as atl 
hornblendes are uniformly low in Ti. So, the second Panett aa of 


hornblende must not involve the breakdown Oi Ehemmisla sity 
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Since the one feature in which these hornblendes do not differ 
from "normal" hornblende-granulite facies hornblendes is in alkali 
content, bathe ee mrdees this is deemed a more significant indicator of 
grade than the mice. and Ti contents in which it does differ (Deer, 
Howie and Zussman, 1963; Wagner and Crawford, 1975),these hornblendes 
are probably secondary and formed during temperatures and pressures 


characteristic of the lower, or hornblende, granulite facies. 


Micas 

The sericite and occasional chlorite appearing as alteration 
products have not been analysed. The biotites analysed are about 
evenly divided between two-pyroxene gneisses, quartzoteldspathic 
gneisses and the garnet-cordierite-sillimanite gneisses. Three 
analyses are from the pegmatite (Table III). As can be easily seen, 
there is little to Le ernie among these groups; there is as much 
variation within any group as from one to another. 

Using the division of biotite from phlogopite of Mg/Fe = 2 
(Mg/(Mgt+Fe) = 0.66), all but three of the biotite analyses fall 
within the phlogopite range (see Table IV), with an average Mg/Fe 
ratio of 2.6. Optically, they usually have phlogopite's reddish 
tinge in natural light. Generally, Mg is thought to increase with 
metamorphic grade, although the evidence is not clearcut. Engel and 
Engel (1960) believe Mg in biotite to increase with grade, but 
Deer, Howie and Zussman (1963) qualify this by having Mg prefer- 
entially enter cordierite if it is present. Here, the biotite with 


cordierite shows no significant difference from that without it. 
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Within a triangle diagram plotting (re eri) vs. Me vs. Ger cemn) | 
these biotites plot within the ultramafic field, even those originat- 
ing in the quartzofeldspathic rocks and pegmatite. 

Along with higher Mg, Al apparentiy increases in high-grade bio- 
tites (Deer, Howie and Zussman, 1963). However, a notable feature of 
the Wasahaw Bay biotites is the scarcity of Al, in most instances 
nearly all of it being required in the Z site with little ee The 
only occurrence of this type I have found is from a granitic rock (Deer, 
Howie and Zussman, 1963). As with the hornblende, this does not appear 
to be a problem of microprobe analysis, and standards and other minerals 
analyzed at the same time as the biotites do not show low-Al devia- 
tion. Nielsen (1976) has shown (using the same equipment) that a wide 
range of biotite and phlogopite compositions can be successfully ana- 
lyzed using the same standards and techniques. 

Biotites from charnockitic rocks have an Mg/Fe ratio approaching 
one (Ramaswamay and Murty, 1974); an Si formula unit content of 5.6 
and Ti of 0.44 are typical of some Soviet mafic granulite biotites 
(Nikitina et al., 1967) and of these rocks. This Ti content and an 
Mg/(Mg+Fe) ratio of about 0.63 are typical of Indian granulite facies 
biotites also (Sen and Ray, 1971). A uniform Mg/Fe ratio, such as is 
present here (of any value) is used to indicate the presence of a 
circulating fluid phase during cyrstallization of biotite (Wones and 
Eugster, 1958). 

The ultramafic association of these biotites would be compatible 
with the Mg-rich pyroxenes and garnets, but the biotites are a younger 
generation, apparently metamorphic mineral. Although characteristic of 
phlogopite, the red-brown colour of the biotites may also indicate that 


they have not been retrogressively metamorphosed, as this often leads 
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to a brown-green colour (Katz, 1958). Too, the presence of some green 
biotites may indicate two growths of biotite, as for hornblende, one 
retrogressive and one not. The association of sillimanite with bio- 
tite in a garnet-cordierite-plagioclase rock which is found here 
would indicate that the biotite is a retrograde-forming mineral, as 
the two are incompatible in an equilibrium situation. If, as conclu- 
ded above, the hornblendes are also of metamorphic origin, they 

would presumably show trends similar to biotite: they are anomalous- 


ly Al-poor; however, the hornblendes are not anomalously Mg-rich. 


Feldspars 

The analyzed feldspars agree with Che optical determination in 
being orthoclases and andesine-labradorite plagioclases. Figure 9 
shows feldspars analyzed and their rock types. The four analyses 
which fall outside of normal feldspar range are probably taken 
across lamellae in microperthites; they show, however, that the 
plagioclase component of the perthite is a labradorite, an unusual 
situation. 

Kretz (1959) separated plagioclase from garnet-bearing and 
garnet-free rocks by anorthite content, the less calcic (an 7-30) 
accompanying garnet. In these rocks, the two most sodic plagio- 
clases are those coexisting with garnet, but they are an 35 and an 
48, both within Kretz' non pe epeteeereie: vance! 

It is notable that the anorthite content of plagioclase is of 
the same order in all rock types, but that alkali feldspars occur 
mainly in quartzofeldspathic and garnet-bearing gneisses. The one 


exception analyzed (point X, figure 9) contains 3.3% celsian, the only 
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feldspars to have a significant Ba content. None of the feldspars 


is zoned, 


Cordierites 

All of the cordierites analyzed give results high in Al (or 
low in Si) and with substantial K content; none is stoichiometric 
when calculated to 18 oxygens. Most likely extensive pinitization 
has made the cordierites nearer to clays in chemistry. Only two 
of the "cordierites" contain anywhere near the proper Mg and Fe, and 
even these have mafics totalling only 1.25 formula units. These 
two have Mg/(MgtFe) ratios of 69% and 72%, rather Mg-poor for rocks 
which also contain anomalously Mg-rich minerals (Deer, Howie and 
Zussman, 1963), as Mg preferentially enters cordierite. Schreyer 
and Yoder (1964) find Fe cordierites in pegmatites and other low- 
pressure environments not in Phin with its association here... There 


may have been removal of Mg during alteration. 


Magnetite and Ilmenite 
Chemical analysis of one pair of ilmenite and magnetite was 


obtained. The result will be discussed below with geothermometers. 
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CHAPTER VI: PROTOLITH 


There is no evidence other than the high Mg content of garnets 
that the non/083 quartzofeldspathic rocks and garnet gneisses were 
other than of pelitic origin. As the garnet composition can be 
explained, as above, by the intermixing of minor dolomite in the 
original sediments, these rocks are assumed to have been a sedi- 
mentary sequence before metamorphism. 

The analyses from the 7083 series, along with the field and 
mineral data, would indicate a basic or perhaps ultrabasic igneous 
rock as protolith for the two-pyroxene gneisses. The /083 series 
quartzofeldspathic gniesses may represent an intercalated sediment, 
or an anatectic melt formed either during late magmatic activity 
or granulite facies metamorphism. The chemical and mineralogical 
composition of this rock type, although sparsely represented, are 
in agreement with the field evidence in suggesting one of the 
latter two possibilities. In particular, the presence of some 
microcline, coarse perthite but virtually no plagioclase, and some 
myrmekite make this rock appear in thin section to have an igneous 
(i.e. crystallized from a melt) texture and mineralogy, despite 
the presence of extensive sericitization and late-generation white 
mica laths. In addition, its appearance as stringers in up- and 
down-section units of 7083 make it appear fluid in origin. 


The crystallization of this member from an anatectic melt is 
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the more likely due to a) the lack of any intermediate (chemically 
or mineralogically) members in the sequence; b) the nearness of the 
modal mineralogy to the granitic ternary minimum composition, esp- 
ecially the high quartz content, which would be compatible with 
melting of sediments at temperatures and pressures typical of the 
granulite facies (Ehlers, 1972). 

The abundant hornblende and biotite in many of these rocks gives 
no indication that this example of the granulite facies has low 
partial pressure of water as compared with total pressure. It 
rather places the area in the intermediate temperatures and water 
pressures ideal for the formation of anatectic melts, with transition- 
al amphibolite-granulite facies reactions (such as mu + or) releasing 
water for incorporation into the melt. 

Anatexis in similar rocks is common. Prider (1945) believes 
that igneous rocks oan ime with aluminous schists to form an ultra- 
basic charnockite and a granitic magma. Nothing so complete is en- 
visioned here, however, as the mafic minerals are most likely of 
igneous origin, and from their composition the basic igneous rock 
was itself ultrabasic or close to it. Since the progressive melt- 
ing of a rock makes the liquid approach the composition of the parent 
rock (Brown, 1970), these quartzofeldspathic rocks of extreme gran- 
itic composition would have incorporated very little of the basic 
rock and could have resulted from melting of the schists alone. 
Hence, probably only a very limited time was allowed before cooling 
prevented further liquid production from the country rock into 


which the basic igneous rocks were intruded. 
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As for the two-pyroxene gneisses themselves, they seem from 
both major and trace element analyses (especially Ni and Cr) to be 
very basic. The "typical" basic granulites are much higher than 
these rocks in Si0, and A150. and lower in Fe, MgO and CaO. Average 
major element composition of these rocks as shown in Table I is much 
more basic than typical metagabbros or norites (Heier and Thoreson, 
1971), and certainly more basic than "typical" charnockites and anor- 
thosites. Nevertheless there is no evidence of relic olivine, or 
even of minerals pseudomorphous after primary igneous olivine. The 
orthopyroxene, however, is probably igneous. This supports either 
a) a complete transformation in mineralogy during metamorphism in 
conditions incompatible with olivine stability but compatible with 
orthopyroxene ~ all probably indicating that equilibrium was reached 
or b) an unusual basic rock not containing olivine. If: a) the 
ferromagnesian trace Bisa (Mn, Ta, Zr; Cr) exhibit the same 
trends during igneous differentiation, b) K/Rb decreases with 
increasing melting and c) Li is depleted in the presence of a hydrous 
fluid, as suggested by Sighinolfi (1971), then these rocks may well 
have resulted from a "metamorphic differentiation" involving partial 
melting and element mobility on at least a metres scale. This 
would require a long time period at lower granulite facies temper- 
atures and pressures, since the time scale of element migration is 
extremely long (Hofmann, 1975). 

The Li content may be particularly valuable here. Sighinolfi's 
data show a marked decrease in Li from Alpine amphibolites (90.1 ppm) 


to Alpine granulites (16.1 ppm). The Wasahaw Bay rocks, with Li of 
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25, but occasionally much higher, may be along a comparable trend, 
with the higher-Li rocks being a receptor of migrating Li or a remnant 
of lower grade chemistry. Either way, the Li content points to 


element migration. 
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CHAPTER VII* GEOTHERMOMETERS AND GEOBAROMETERS 


Equilibrium 


Before considering facies or temperature and pressure indicators, 
it is necessary to establish the state of equilibrium in the rocks 
by textural, mineralogical and chemical considerations. © 

Sharp inter-mineral contacts, lack of mantles or "coronas" and 
an absence of "frozen reactions" all indicate a rock in equilibrium. 
By these considerations, the Wasahaw Bay rocks are in good equilibri- 
um. There is a notable absence of coronas, which are so common in 
granulite facies on as to characterize them (Himmelberger and 
Phinney, 1967; Martignole and Schrijver, 1971; Spry, 1969). Nor are 
there any conspicuous intergrowths between adjoining minerals, with 
the exception of the rare quartz~feldspar myrmekite mentioned above, 
in which all of the plagioclase reactant appears to have been con- 
sumed, and the plagioclase-orthopyroxene symplectite. The lone 
widespread exception is ilmenite, which grows at the expense of bio- 
tite, hornblende and pyroxenes. Biotite and hornblende are a younger 
generation and apparently grow at the expense of other mafic minerais, 
but show no ongoing reactions. The only widespread "frozen reactions" 
are sericitization and occasional minor chloritization of garnets. 
The orthopyroxene, as mentioned, is probably an igneous relic, but 
again only rarely (in the symplectite) appears to be engaged in 


reaction. The two generations of hornblende and biotite may indicate 
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two periods of grewth under differing temperatures and pressures, 


but again they lack evidence of reaction. Thus, although minor dis- 


equilibrium features exist, texture and mineral interrelationships 
indicate on the whole an equilibrium. 

The incompatibility. of several mineral pairs can indicate 
equilibrium - or, more exactly, their association would indicate 
disequilibrium. Sillimanite in these rocks does not coexist with 
either hornblende or pyroxene in the association gt-plag-qz: this 
points to equilibrium (Kretz, 1959). In the association cd-gt-bt- 
qz-ksp, sillimanite’ does not coexist with plagioclase, again indi- 
cating equilibrium (Reinhardt, 1968). 

Chemically, equilibrium is best evidenced by a smooth curve 
connecting points on a Roozeboom (variation) diagram, for minerals 
ae the same assemblage (Kretz, 1959). Applying this is eran tens 
atic, since there are esa en than five or six analyses for each 
coexisting pair (Table IV). However, those pairs give a wide 
scatter of points, indicating a distinct lack of equilibrium. 
Since microprobe results are used here, apparently there is no 
equilibrium even on a small (adjoining minerals) scale, though 
Blackburn (1968) finds small-scale equilibrium to be the usual 
case even where large-scale disequilibrium exists. Even dis- 
counting the small number of coexisting pairs, the great variation 
in Mg/Fe ratio for different grains of a given mineral, even 
within the same rock, also points to disequilibrium. The scatter 
of points is no more nor less for minerals in apparent equilib- 


rium texturally (e.g. the two pyroxenes) than for those not so 
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(e.g. hornblende-orthopyroxene). 

The apparent discrepancy between textural and chemical deter- 
minors for equilibrium may be explained in a number of ways. First 
of all, the variation diagrams may give a false pattern due to the 
small number of points ~ but the very wide scatter would indicate 
some disequilibrium even if a more regular general trend existed. 
Or, the nearly-ubiquitous sericitization and less common chloriti- 
zation may in fact involve reactions which changed the chemistry 
while leaving mineral boundaries relatively unaltered. Thirdly, 
reactions may have proceded to completion by exhausting the supply 
of one reactant before reaching equilibrium — but the absence of 
pseudomorphism militates against this. Finally, it may be more 
likely that we now see several different stages of equilibrium 
representing a long period of metamorphism of varying intensity 
such that chemical migration took place along mineral boundaries 
without causing mineral-changing reactions. This violates the 
principle that older terranes are more likely to be in equilibrium 
than younger ones (Blackburn, 1968), but agrees with Buddington's 
(1939) observation that CES i orthogneisses are often in dis- 
equilibrium. 

The geochemical behaviour of Ti is especially odd. The Ti 
content of hornblende is abnormally low, and ilmenite is apparently 
exsolving, a retrogressive reaction.With biotite-ilmenite pairs, which 
show the same textural relationships, the Ti content of biotite 
remains normal for the granulite facies. ri occurs in the normally 


low concentrations in the pyroxenes, but ilmenite also exsolves 
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around pyroxene, as around hornblende and biotite. Ti minerals other 
than ilmenite are rare, with the little magnetite containing virtual- 
ly no Ti (see below); also, no rutile was found, nor Ti-containing 
spinel. Since the ilmenite itself contains almost no hematite, it 
‘was probably formed under reducing conditions. I can find no apparent 
explanations for this behaviour, but an unusual chemistry is more 
common in disequilibrated rocks. 

The problem se chemical disequilibrium must be borne in mind 
for the discussion below. Considering it, the distribution coeffic- 
ients give results remarkably close to the published data, but 
certainly no conclusions should be drawn from them alone if they 


are not reached from many different pieces of evidence. 


Thermometers: 1. Distribution of Ve and Mg between Coexisting Minerals 

There have been many uses of the partitioning of Mg and Fe to 
either differentiate between igneous pad metamorphic rocks, to indi- 
cate facies, or even to estimate the temperature of metamorphism in 
absolute degrees. Since each author uses a slightly different method 
of calculating the distribution coefficient Ky? any attempt to tabu- 
late the results by each method would be very confusing. I will 
instead give appropriate values in each section in the body of the 
text. Table IV gives Mg/(MgtFe) for each individual mineral, using 
total Fe. 

Many of the authors cited below use wet-chemical or x-ray an- 
alysis of a separated mineral fraction, rather than microprobe analy- 


sis. Blackburn (1968) points out that in a hand specimen sized 
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sample, several domains of chemical equilibrium may be represented, 


resulting in a scattering of K, points. Microprobe analyses are 


D 
probably less prone to this problem, but comparing them with the 
published results might give some problems. 

Albee (1965) uses the garnet-biotite pair to delineate zones 
in the upper amphibolite facies. His plot of kK) (gt/bt) vs. 

Mn/ (Mn+Mg+Fe) of garnet places these rocks in between the lines 
(drawn from a large number of published analyses) for the assemblages 
gt-bt-hb-ksp and gt-bt-sil-ksp. A K, (Sty) sor ds50 to OFS/ he 
believes delineates the sillimanite zone; these rocks average 

0.31. Using a different method for the same Ky» Kano and Kuroda 
(1973) get 2.6 to 7.4 for the granulite facies rocks from Japan, 
while these rocks agree with 2.2 to 6.0. 

Element distributions involving pyroxenes do not, for the most 
part, agree between these rocks and the published data, due to the 
unusually high Mg content of the orthopyroxenes. Kretz (1959) and 
Wagner and Crawford (1975) both have Ky (opx/epx) cof 0.51 to 0565 
for high-grade metamorphics, and 0.65 to 0.86 for rocks crystallized 
from a melt. Using Kretz' data, the Wasahaw Bay rocks' KH che Wey 
to 0.88 would indicate not only igneous origin but a temperature of 
more than 1200 Ce obviously not a metamorphic temperature. Fleet 
(1971), however, believes that this partitioning is not temperat.ure- 
dependent, but rather reflects a relative enrichment of re in 
igneous clinopyroxenes. Also, Kretz states thaG tenis Ky is very 
variable in ultramafic rocks: the orthopyroxenes here are in com- 


position typical of ultramafic orthopyroxenes. 
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Similarly poor results are obtained using a Ky (gt/opx). Hol- 
Lister (0953) has it at 2.8 for the association bt-opx-gt; this same 
association here gives 5.3, again due to an unusually high Mg ortho- 
pyroxene. Davidson (1971) has Ky (opx/hb) of 1.3 for hornblende 
granulites; the value for these rocks is 1.05. 

The Ky (gt/hb) is also very abnormal, averaging 0.62, where 
Saxena (1968) finds by the same calculating method Ky = 9.0 in the 
amphibolite Pe decreasing to 5.6 in the granulite facies. This 
Oe probably indicates no equilibrium between the two min- 
erals; note below, however, that this is not true of bt/hb distribu- 
tion coefficients. 

Garnet-cordierite pairs are also used as a geothermometer. 
Hollister (1973) has Ky (gt/ed) less than 7.6 (here 3,45-6.6) for 
bt-cd-gt-sil rocks. Hensen (1971) relates this more exactly to 
temperature: Ky (et/ed) st3..7 at 1000°c, and rises with de- 
creasing temperature, to about 5 at 900°C. Keeping in mind that 
the cordierite analyses are unreliable (although their Mg/Fe ratio 
is well within average cordierite values), this Ky gives temperatures 
"reasonable" for the granulite facies (see below). 

Kp (bt/hb) is about 0.9 in all grades, although with low Al in 
biotite, as is the case here, it can rise slightly (Saxena, 1968). 
The Wasahaw Bay values of 0.9 to 1.2 are in agreement with this. 

The only other quantitative Ky is Ky (gt/cpx) of Mysen and Heier 
(1972) and Wood (1975). Unfortunately, these rocks have no coexist- 


ing garnet and clinopyroxene. 
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The [lmenite-Magnetite Geothermometer 

A geothermometer exists based on the compositions of coexisting 
ilmenite and titaniferous magnetite (Lindsley, 1961 and 62; Bud- 
dington and Lindsley, 1964), although the resulting temperatures are 
too low (Manna and Sen, 1974). In these rocks, only one pair of 
ilmenite and magnetite was found and analysed; all other opaques 
examined qualitatively on the microprobe were ilmenites. The 
magnetite (Table ttt) contains almost no Ti at all, which would put 
lie Kelana Peete ets diagram on the low-temperature side. This 
fact, along with the scarcity of magnetite, render these rocks un- 
suitable for the use of this thermometer, but also indicate problems 


with the distribution of Ti, as seen above. 


Feldspar Geothermometers 

The coexistence of Sbagtoeta se and orthopyroxene (i.e. the’ 
distribution of Na) gives a wide range of possible temperatures: 
480° to 600°C at 5 kb pressure, higher at greater pressures. No 
quantitative data are given beyond this (Deer, Howie and Zussman, 
1963; Taylor and Heier, 1958). 

The only other feldspar thermometer is the width of the ex- 
solution lamellae in perthites. The perthites here are mainly in 
the microperthite range, indicating temperatures similar to those 
of crystallization of small plutons (Deer, Howie and Zussman, 1963). 
However, no search for smaller lamellae was carried out, and the ex- 
istence of "impossible" feldspar analyses most likely means that 


optically invisible lamellae were overlapped by the microprobe beam. 
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Hence, higher temperatures would not be ruled out by this method. 
Wood and Banno (1973) report on a geothermometer based on the 

Fe content oe coexisting orthopyroxene and clinopyroxene, although 

they believe that it ignores too many factors to be highly accurate. 

For pyroxenes of the content of the Wasahaw Bay minerals, the 

calculated temperature is 805 to 840°C. Variation in pressure 

has little effect on these temperatures, with a variation of over 


50 kb producing less than a 50°C change in temperature. 
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CHAPTER VIII: PETROGENESIS 


Reactions 

In deriving a metamorphic history and the reactions involved, 
a number of pieces of evidence must be taken into account: 

a) CeCe one e is probably primary (igneous). 

b) There is probable exsolution, or at least a close relation- 
ship, of ilmenite with hornblende, biotite, and to a lesser extent 
orthopyroxene. Along with this, there’is depletion of Ti in horn- 
blende, but not in biotite. 

c) Clinopyroxene is later-forming than orthopyroxene. 

d) Symplectite, minimal evidence for a reaction involving plagioclase 
and orthopyroxene, exists. 

e) There is no albitization of plagioclase, nor zoning. 

f) Quartz is rarely produced as young crystals, and there are 
veins of alkali feldspar. 

g) Two generations of hornblende and biotite exist, both after 
crystallization of the pyroxenes and garnets, and at least one of which 
is probably retrograde. 

h) Inclusions of sillimanite (as fibrolite) in orthoclase and 
garnet exist, as do quartz and plagioclase in all mafic minerals. 

i) A reaction has occurred forming sericite and chlorite and 
the unknown "alteration product". 


j) There is no evidence for extensive reactions involving 
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orthopyroxene or garnet except for the broken and "eroded" appearance 
of the crystals. 

go oe Secouetnei de can be immediately drawn from this evidence: 
first, of the presently-existing major minerals, quartz, plagioclase, 
orthopyroxene and probably potassium feldspar were present before the 
major metamorphic event occurred. Garnet and clinopyroxene, while 
perhaps younger, are also among the less fresh minerals: they are tex- 
turally "early metamorphic." 

There has probably been present at at least some stage during 
the metamorphism a free fluid containing potassium. Hence, the con- 
cept of the granulite facies as "dry" does not apply here (the idea 
may apply only to the upper, or pyroxene granulite facies, for which 
there is no evidence at all in the Wasahaw Bay area (deWaard, 1965)). 

Thirdly, there is no evidence for reactions of a typical prograde 
facies series type. The garnet-cordierite-sillimanite gneisses and 
some of the quartzofeldspathic gneisses show chemical evidence of sed- 
imentary origin, so a lack of minerals metastable from a lower grade 
metamorphism would indicate complete equilibration to the higher tem- 
peratures and pressures responsible for the present mineralogy; thus, 
the rocks must have spent a long time at their high grade conditions. 
Garnet occurs together with remnant orthopyroxene, though this rarely, 
and so this must be accounted for in the prograde reactions hypothe- 
sized to bring sediments to their present grade: this orthopyroxene 
is impossible to consider as primary in the sediments, 

The inverse proportions noted above of modal hornblende vs. the 


sum of quartz plus plagioclase (also noted in the Adirondacks by de- 


v4 Abe , { yet one Bae! a0 
oat ae ; (| ee 
i by Uae \e 
et 
fo y TA 
ey 
) aa 
ES i Pie 
' , 


ois Gaeta — RaMRy 


sop lem welt ea sie AS iw" bie 

| aT ola Ag \ ted aay satin sobs? anes . wr 

ast wot ‘itonave aye sient i enka bi) : i 
‘lt ain phxcreyaaagt ts baw parka etfoosbi day 


“Red eee BS,’ talariacte ibe eed co gretd be al 
1 ve ee ‘Gh? aie "ON ties sara 


ah yor ata sabsoner 
‘eesnur oicgiitie: ‘oaaa ani wig Gxt 


sw $a siabobes 
hdc sai a y 
“pis radgia ody oY 


did vesiaalaie o 


tals sit mA eNe Ly el 5 scrip RO eva: gee” 
hae ; ar or ® ih aa ae ee rie 
7 ey ie Pw am rr 
ms bd —< ian ; Pi A 1 wu : . 
‘ eS a4 : 


os 
Ww 


Waard, 1965) in the two-pyroxene gneisses is probably due to pre- 
metamorphic factors, as most feasible reactions have hornblende and 
quartz on the same side of the equation. 

Finally, although the evidence for ongoing reactions involving 
garnet and orthopyroxene is sparse, the fractured state of these 
minerals, and their irregular outlines, must indicate their involve- 


ment in reaction(s) depleting their volume. 


Metamorphic History 

The above considerations yield a possible metamorphic history 
for the garnet~-cordierite-sillimanite gneisses and the quartzo- 
feldspathic gneisses accompanying them. Since garnet and orthopy- 
roxene are both texturally older minerals, and the sillimanite (in 
normal progressive metamorphism "between" the two) is very fresh, 
there are two possibilities. One is to assume that the orthopyroxene, 
since it is rare, is a result of contamination from a nearby igneous 
intrusion, or is a sedimentary mineral. More likely, taking into 
account that sillimanite (as fibrolite) is included in garnet and 
orthoclase, is the eeuiaeas 1) The sediments were progressively 
metamorphosed through the sillimanite isograd (producing fibrolite 
and some garnet), and then further through the orthopyroxene isograd 
into the granulite facies. 2) At some later time, conditions re- 
turned to lower pressures and temperatures, allowing the reaction 

plag + hypersthene —¥ gt (Buddington, 1939), 

a "retrograde" reaction, to proceed, and also allowing the Pere 
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1965). At the same time, it would be possible for 


gt(alm) + or + any remnant opx + H,0 ——> bt + qz. 


2 

The combination of these reactions could account for the lack 
of any orthopyroxene in symplectites in this group of rocks, and for 
the lack of coronas involving garnet, while equally accounting for 
the common association of biotite with garnet. me teder in rocks 
from other granulite facies terranes biotite does form pseudomorphs 
after orthopyroxene, the two minerals are structurally different 
enough that, were the orthopyroxene irregular to begin with, any 
remnant morphology would not readily be observed. 

Given the availability of Mg in the original sediments, these 
reactions over time could account for the unusually high pyrope 
content of the garnets. They would also not be out of line with 
the fact that for this group of rocks the Mg content of biotites 
is somewhat lower than for other groups. These conditions would 
also account for the formation of brown prograde~forming hornblende 
and biotite. A two-phase crystallization of sillimanite, with the 
second phase involving a slow cooling, could account for its two 
markedly different habits. The second growth, being slower, would 
be in large prisms as is observed; second~generation hornblende 
and biotite would form at the same time as later sillimanite, and 
the first generation in granulite conditions. 


This history of metamorphism applied to an interpenetrative 


body of gabbro or norite (assuming, as above, a starting mineralogy 


of lab + hyp + qz, and in addition augite), could cause it to undergo 


reactions similar to those of Adirondack metagabbros (Buddington, 
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1939). First, some hornblende would form by the reaction 
opxetyeps taplag + H,0 ——— > hb re gz 

and fetabatos this augite and labradorite would recrystallize. The 

garnet~forming reaction above would not proceed due to the bulk 

Mg/Fe ratio of these rocks. 

Decrease of temperature and pressure to just below the ortho- 
pyroxene isograd for a long period of time would lead in the two- 
pyroxene gneisses to such "retrograde" reactions as recrystallization 
of hornblende, or 


opx + ksp + alkali + H,0 ——» bt + q2 (Sen and Ray, 1971a) 


2 
opx tiksp + plag. + H,0 ——> hb + bt + qz (deWaard, 1965). 

The orthopyroxene-plagioclase symplectite could have originated 

during either of these episodes. The myrmekite could have formed 

at this time also, whether cooling from a melt or from greater 

metamorphic temperatures, as it is a "late magmatic" phenomenon 

(Mehnert, 1971). 

The numerous reactions producing biotite point to its growth 
in several different ways, and this could account for its more variable 
chembstry-. 

Both rock types would be subject to growth of white mica (ser- 
icite or muscovite laths if near a large source of potassium), chlor- 
ite and the "alteration product" as the temperature and pressure 
continued to decrease. The granodiorite bodies mapped to the north 
by all previous workers are the obvious source for the influx of 
potassium necessary for this later alteration. The dykes in figure 


4 and the pegmatites are also probably related to these intrusions, 
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and this is the more likely in view of the extensive alteration of 
the country rocks near to the dykes. The intrusions most likely 
were enbecdd during cooling, while conditions were still those of 
the lower amphibolite facies, because the basic dykes have chilled 
margins (while the pegmatite does not), and are themselves altered 
to chlorite and possibly actinolite. 

Since the ultramafic rock is apparently a discrete intrusion 
rather than a member of a series which has undergone metamorphic 
Eottesontetiovton the Uranium mineralization in the area is most 
likely to have had its source in the granodiorite bodies. There 
is no evidence of such mineralization in the Wasahaw Bay area; 
Baer (1968) and Christie (1952) report it associated with fault 
zones and do not investigate pegmatites apart from these areas. 

This metamorphic history is easy to fit in with that deduced 
by previous workers for this region, with some minor variation. 
The Wasahaw Bay area is the highest grade centre of the Lake 
Athabaska region, with lower grades (mostly amphibolite but some 
chlorite as well):to the west (Christie, 1952), and amphibolite 
to the east, of a lower subfacies than in Wasahaw Bay (Colborne, 
1962). Baer (1968) describes the immediate area as subjected to only 
one phase of metamorphism, in the granulite facies, as opposed to a two- 
phase metamorphism to the north, with an original granulite facies 
pulse, followed by a second prograde peak in the amphibolite 
facies. This northern area was subjected to the emplacement of 
the granodiorite bodies mentioned above, Pechaeis contemporaneous 


with the second metamorphic event. At this same time, there was a 
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strong dynamic metamorphism with folding and faulting occurring. 
There is no evidence for this latter event in the Wasahaw Bay area, 


"second'' metamorphic event appears to 


and as has Ban seen the 
have been more a continuation of conditions immediately below the 
orthopyroxene isograd for a prolonged period, after an initial 
pulse well into the hornblende granulite facies. The pyroxenites 
must have been emplaced at some time during this first event, as 
they show no alteration to a lower facies preceding their granulite 
facies ferme cohen: Indeed, their emplacement might have con- 
tributed to an increase in temperature over and above that al- 
ready provided by the regional environment. The likely formation 
of an anatectic melt also agrees with Alcock’s.(1920 and 1936) 


and Baer's (1968) description of pegmatites, aplites and lampro- 


phyres in the area. 


Unfortunately, none of the hypothesized reactions is well enough 
documented to enable the placement of further constraints on the 
absolute temperatures and pressures under which they occurred. These 
are known only by their positions in a facies series. Neverthe- 
less, the intersection of a number of reaction curves for a given 
facies, the mineral geothermometry above, and the identification of 
other reactions, well known as to temperature and pressure but not 
aed in these rocks, all combine to give a reasonable estimate 


of conditions operative in the Wasahaw Bay area. 
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Facies 

The definition of the granulite facies has been the subject of 
much discussion. It has been variously defined as a) rocks in 
which muscovite has reacted to form alkali feldspar, and in which 
orthopyroxene has formed if the rock is of suitable bulk composition 
(Winkler, 1967); b) very dry rocks in which hornblende and biotite 
no longer are stable, and are in the process of breaking down (Tur- 
ner, 1968) and, conversely, c) high-temperature rocks containing 
biotite and hornblende (AGI, 1962). Buddington (1939 and 1963), 
Engel and Engel (1960) and deWaard (1965, 1966, 1967) have done 
extensive work on the granulites of the Adirondack region, and since 
these rocks bear both chemical and mineralogical similarities to 
the Wasahaw Bay rocks, the conclusions reached by these researchers 
are particularly applicable here. 

Noting that a truly aaiparens metamorphic mineral assemblage 
is rarely found, deWaard (1965) postulates a division of the gran- 
ulite facies into two, each defined as a major facies: hornblende 
granulite and pyroxene granulite, divided by the disappearance of 
the hydrous phases (deWaard's garnet isograd). The Wasahaw Bay 
rocks are therefore not in the pyroxene granulite facies. Their po- 
sition relative to the orthopyroxene isograd, which divides the am- 
phibolite facies from the hornblende granulite facies, is more 
problematic, especially as the present mix of minerals represents 
a cooling metamorphism rather than the defining heating metamorphism. 


The Wasahaw Bay rocks contain three assemblages, the textural 
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equilibrium of which has been discussed above: 
a) cpxr+ opx + hb + bt + plag + qz + ilm + ap 


b) gt + bt + ksp + ilm+ ap + plag = cd sp 


Opx 
¢) bE + qz°* ksp + 21m: + ap = plag, 
corresponding respectively to the two-pyroxene gneisses, the 
garnet-cordierite-sillimanite gneisses and the quartzofeldspathic 
gneisses. These latter are represented in thin section only by the 
7083 series, which ae probably anatactic melts; however, hand 
specimen examination of probably metapelitic quartzofeldspathic 
gneisses would indicate a very similar mineralogy. 
The presence of non-igneous orthopyroxene indicates that 
these rocks were at one time above the orthopyroxene isograd, al- 
lowing for its growth. However, the present assemblages are rep- 
resentative of the coexistence of amphibolite and hornblende gran- 
ulite facies mineralogies; the presence of cordierite will be dis- 
cussed separately below. DeWaard's (1965) assemblages for Ca0-poor 
recks' 
amphibolite facies granulite facies 
Often anes nia te One Goat 
ae SO Pee 
clearly put assemblage (c) in the amphibolite facies, as he does 
not recognize a chemically-controlled assemblage such as (c) which 
could be in the granulite facies and still lack orthopyroxene; this 
is not a grave drawback, however, as the metapelitic rocks may have 
undetected orthopyroxene present. 


For assemblage (a), orthopyroxene occurs only within the horn- 


blende granulite facies, but its coexistence with both clinopyroxene 
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and biotite is transitional: deWaard's (1965) assemblages for inter- 
mediate CaO rock are 


amphibolite facies granulite facies 
Oret an tihbsetabt or tmandtahbi? ops: cpx. 


However, deWaard does find assemblage (a) in the Adirondack rocks 
with some frequency, with all minerals on both sides of the equation 
coexisting in apparent equilibrium. 

DeWaard (1966) further proposes a biotite-cordierite-almandine 
subfacies of the hornblende granulite facies. The diagnostic as~- 
semblages are (b) above for pelitic gneiss and (a) for basic rocks; 
again, (c) is not included in the granulite facies. Although 
Chesworth (1967) objects that defining a subfacies on the coex- 
istence of two sides of an equation violates the definition of a 
facies’, this combination of minerals occurs so commonly that some 
name for it is warranted. Accepting this subfacies as defined by 
deWaard, Martignoie and Schrijver (1971) find symplectites of 
garnet and quartz between orthopyroxene and plagioclase are char- 
acteristic of it; these are not found here. They also find this 
subfacies' association particularly common near intrusives, where 
cooling was delayed long enough to allow garnet and quartz forming 
reactions to proceed at about 8 to 10 kb pressure. 

Accepting this placement, some idea of the temperatures and 
1. "A metamorphic facies is a set of metamorphic mineral assem- 
blages repeatedly associated with one another in space and time, 
such that there is a constant and therefore predictable corre- 


spondence between the mineralogy of each rock and its bulk chemical 
composition." (Fyfe and Turner, 1966). 
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pressures of most of the metamorphism may be attempted. The bio- 
tite-cordierite-almandine subfacies is in the lowest temperature 
and pressure area of the granulite facies, lying immediately above 
the orthopyroxene isograd in temperature and above the almandine 
isograd in pressure (deWaard, 1966). This mineral assemblage 
would put it in Green and Ringwood's (1975) intermediate pressure 
granulite area, which combined with a temperature of about 825°C 
derived from the composition of orthopyroxenes, would indicate 
pressures of 7.5 to 9.0 kb. Green and Ringwood, however, place the 
main granulite facies at temperatures of 700° to 800°C. Newton 

et al (1974) have found that at 8250. cordierite in natural sys- 
tems breaks down at 8 kb; high-Fe cordierite, such as occurs here, 
breaks down at slightly lower temperatures and pressures. Green 
and Vernon (1974) found cordierite stable at 3 to 4 kb greater 
pressure in hydrous systems than in anhydrous ones. The stability 
Fance ior the assemblage cd + hb + sijgaqz ties at «825 to 9.5 kb 
at 820°C, and at 8 to 9 kb at 780°C. 

Considering all of this, a temperature of 780 to 830°C at a 
pressure of about 7.5 to 8 kb seems likely in Wasahaw Bay. This 
is compatible with the presence of an anatectic melt, as the area 
lies above the solidus for water pressure equal to total pressure. 
It is also just above the curve for the reaction 

mu + qz ——®or + sil + H,0 (Mehnert, 1971), 
but well below the lower border of the pyroxene granulite facies. 


A pressure, as indicated, at the low end of the granulite facies 
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range, along with "average" granulite facies temperatures, are also 
compatible with a history of magma-indiced temperature rise super- 
imposed on a uppermost amphibolite facies regional metamorphism. 
The pressure is lower than indicated by the pyroxene compositions; 
these might reflect original crystallization before emplacement of 
the ultramafic body at the present tectonic level. The high pressure 
explanation is only one possibility for the high Mg content of the 
garnets, and in view of the mass of evidence supporting a lower- 
pressure granulite metamorphism, is probably not the correct one. 
The pressure is equivalent to a depth of about 30 km, and: 
hence would indicate a geothermal gradient (with regional temper- 
atures around 600°C, and the added 200°C coming from proximity to 
a pyroxenite body) of about 20°C/km. Even with full maximum 
temperature of 850°C from burial, the gradient is no more that 
30°C/km. Thus, a more modern gradient seems to have prevailed, not 
in accordance with a hypothetical Archaean gradient in excess 
of 100°C/km (Fyfe, 1973). Lambert (1976), however, has argued for 
the uniformity of Archaean and modern gradients, a view which is 
borne out in this instance. Given that the garnet-cordierite-sil- 
Tianiee gneisses are metasediments, it is more than likely that the 
Wasahaw Bay rocks represent the late Archaean, while Fyfe is pri- 
marily concerned with earliest Archaean times. The region examined 
in this study is quite small, and as a result the generalization of 


its gradient to a large scale is not justified. 
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CHAPTER IX: CONCLUSIONS 


This area, originally composed of pelitic sediments inter- 
mixed with minor amounts of dolomite, was subjected to a prolonged 
period of high-grade metamorphism. During the first stage of this 
metamorphic era, garnetiferous sillimanite and cordierite schists 
and gneisses were produced under conditions of a geothermal gradient 
of about 20°C/Ikm. At some time during this stage, an unusually 
basic magma locally elevated the temperature. Granulite facies 
conditions of around 780 to 830°C temperature and 7.5 to 8 kb 
pressure existed in the intrusions! contact aureoles, allowing 
anatectic melting of the schists and gneisses, and producing a small 
amount of granitic melt. The intrusions themselves underwent 
mineralogic change. Differences in bulk chemistry produced dif- 
ferent assemblages in the different rock types. 

As temperature and pressure conditions continued to decrease 
over a long time period, Second generations of hornblende, biotite, 
sillimanite and quartz were produced under amphibolite facies con- 
ditions. At the end of the metamorphic era, cooling produced a 
low grade alteration of some of the minerals, particularly chlori- 
tization sericitization and clay-like alteration of the orthopyrox- 
ene. 

With the exception of these later minerals, textural equilibrium 


exists among the minerals as seen in thin section. Mineral chemistry, 


75 


, , ray 
Tony we y 9a Me 


oe 


Yo diivtnia Sy nas 


‘ oy : i. ay fe 
4)" BGI Lite  Biie 2 a iwotos' 


erg aii AR aed i . 
? ny i i 7 " ‘ 
’ f, ‘ oe ; eo Aid ahaa cle Af 
oe os) Wa Pee Levees ‘ites ts bas tev warts Ns aco ie 


ne as. ue, aioe 
eB Od E55 fare ate ae toe a we bale in © ree 


Wikia sf 34. Val iy ah al 
’ my r He Mi A 


ie 
By 


R ie " o 
wv a 
Le i) 


wei rhe ad Nein tks feviabs fd dette 

. a 7 ‘ | | wing iv : Ys ' : 
eae ke : rat rf! Pe a 

1 ) 


iiss 


7 


“teryaongyy: 
eeey his ety he 


oir 


. CF ae 


76 
does not support equilibrium. Redistribution of Fe and Mg between 
the primary igneous orthopyroxene and the metamorphic minerals did 
not take place. Ti also exhibits unusual.behaviour, occurring al- 
most elicteredy as ilmenite and in phlogopite and biotite. Trace 
element data support partial equilibration. 

A fluid circulated freely during at least the later amphibolite 

facies stage of the metamorphism, when intrusion of granodiorites to 
the north affected this area with emplacement of pegmatite and basic 
dykes being the local manifestation of this activity. In the im- 
mediate vicinity of the dykes, and in the dykes themselves, exten- 
sive alteration occurred, related to the introduction of potassium 


into the system. Uranium mineralization found in nearby areas is 


most likely related to this later event. 


nnnded ‘aM tye a4 te iin iin 


Hi die ihecetantiet otitasentin ak ne on 
wih RASS IY, (Bui seventy aouiiaen one 


HAT ae Sil brid ots i - Mh 


nd cae raed ay “soak, foo Veo oat = 
of nih Ae sone bel ng omuih ath, * | 
ew sahisdthonii 20, asamossigine sho oe at} Bedomity. 
i melt aT uM anion mide, te hrm al ing . 
sein “ceo honanels aistely ail? a uh - ru 
ane ‘ip’ poh apehiang odd, 03 aap ute 
Hy sia: cette at tue, natn path 


4 
i a 
' - Ni Lan a 
F a) 4 iar aes 
| 
; 
I 
ee 
an 
' 
; bs ‘heey a iy 
wee ; if ise 
: 4 Mh aunt te oy 
Whe nat ar i a 
\g ae A 
Y 
tie . ; { 
ie see ‘ a 
* : i 
1 7 : x 
mg : he 4 
ow i 
; 
Ne vv Se | ’ 
e 
> 
, } 
¥ i 
i] } i 
a ft eo 
J ey 


a a 


BIBLIOGRAPHY AND WORKS CITED 


ALBEE, AL. L., 1965. Distribution of Fe, Mg and Mn between garnet 
and biotite in natural mineral assemblages. Jour. Geol. 
vol. 73 p. 15D. 


ALCOCK, F. J., 1920, The Norite rocks of the Lake Athabaska region. 
Trans. Royal Soe. Caw. JMseries 3, vol! 14 section’ 4 p. 25, 


» 1935. Geology of the Lake Athabaska region, Saskatchewan. 
Geol. Soc. Can.” Memoir 196. 


BAER, A. J., 1968. The Precambrian geology of Fond-du-Lac map area, 
Saskatchewan. Geol. Soc. Can. Paper 68-61. 


BARD, J. P., 1970. Composition of hornblendes formed during the 
Hercynian progressive metamorphism of the Aracena met- 
amorphic belt (southwest Spain). Contr. Min. Petrol. 
VOI 2Oe ups iis 


BARTH, T. F. W., 1951. The Feldspar geologic thermometers. Neues 
Janrb. Min. Abhesvol. 829 p., 143. 


,» 1952. Theoretical Petrology New York: John Wiley. 


BAYLY, B., 1968. Introduction to Petrology. Englewood Cliffs, N. J.: 
Prentice-Hall. 


BHATTACHARYYA, C., 1971. An Evaluation of the chemical distinctions 
between igneous and metamorphic orthopyroxenes. Am. Min. 
vote (OT ape 499", 


BINNS, R. A., 1965a. The Mineralogy of metamorphosed basic rocks 
from the Willyama Complex, Broken Hill District, New 
South Wales: Part I: Hornblendes. Min. Mag. vol. 35 p. 306. 


, 1965b. The Mineralogy of metamorphosed basic rocks 
from the Willyama Complex, Broken Hill District, New 
South Wales: Part II: Pyroxenes, garnets, plagioclase 
and opaque oxides. Min. Mag. vol. 35 p. 56l. 


BLACKBURN, W. H., 1968. The Spatial extent of chemical equilibrium 
in some high grade metamorphic rocks from the Gren- 
ville of southeastern Ontario. Contr. Min. Petrol. 
vol. £9 p. 72. 


ua 


aries 


Seed pale eA mint: nite 


Ca wh 


‘ KX Lyee 


cy 
Hae. | 


to a 


si 
soa ry 


a 


Abad pe poe 
wo4. ,sattdeht Pi 
maoc hank ht 


topo Bete | fis iments Ne sp tke ry tne 


cane ek a 


a 
” ts ia ee 
¥ . f . 
of heat gris As | 


Pernt Mh beg ae y 
To 


Tit 1 * Bo Rs ipeesied 


~ “ 


N Laeiienl re aan, at sotiea ys 


Lait se a 


wet 


337) tae a A feb a 
we ire 

oe 
igual mre yer? cp Rhy apis 
“9 hates HD Phesiacse 


4 
ee! a hex 
™ ' 4 i ® 
rt i} he. yy af n 
‘ , i" 4 va i: 
ce : 
Ve 4 ' 
vit 
1] 
) r j 


78 


BROWN, G. M., 1961. Coexisting pyroxenes in igneous assemblages; 
a re-evaluation of the existing data on tie-line orien- 
tation. Geol. Mag. vol. 98 “p. 333. 


BROWN, G. C. and W. S. FYFE, 1971. The production of granitic 
melts during ultrametamorphism. Contr. Min. Petrol. 
VOue. 2£o is Jou. 


BUDDINGTON, A. F., 1939. Adirondack igneous rocks and their meta- 
morphism. Geol. Soc. Am. Memoir 7. 


__, 1963. Isograds and the role of water in metamorphic 
facies of orthogneiss of the northwest Adirondack area, 
New York.) Geols soc. Am. Bulls vol. ¢4. p. 155. 


and D. H. LINDSLEY, 1964. lLIron-Titanium oxide minerals 
and synthetic’ equivalents. Jour. Petrol. vol. 5 p, 310. 


CHESWORTH, A. M., 1967. The Biotite-cordierite-almandite subfacies 
of the hornblende-granulite facies: a discussion. Can. 
PLE vO Sos LOL. 


CHRISTIE, A. M., 1952. Goldfields~Marlin Lake map area, Saskatche- 
wan. Geol. Soc. Can. Memoir 269. 


COLBORNE, G. L., 1960. The Geology of the Clut Lakes area (west 
half), Saskatchewan. . Sask. Dept. Minés and Res. Report 43. 


_, 1961. The Geology of the Clut Lakes area (east half), 
Saskatchewan. Sask. Dept. of Miner and Res. Report 58. 


, 1962. The Geology of the Wiley Lakes area (east half), 
Saskatchewan. Sask. Dept. Mines and Res. Report 69. 


and FE, ROSENBERGER, 1963. The Geology of the Wiley Lakes 
area (west half), Saskatchewan. Sask. Dept. Mines and 
Res. Report 79. 


DAVIDSON, L. R., 1971. Metamorphic hornblendes from basic granulites 
of the Quairading District, Western Australia. Neues J 
Jahrb. Min. Monat. p. 344. 


DEER, W. A., R. H. HOWIE and J. ZUSSMAN, 1962. Rock Forming Minerals 
London: Longman Group. 


DEWAARD, D., 1965. The occurrence of garnet in the granulite facies 
terrane of the Adirondack Highlands. Jour. Petrol. vol. 6 
joke val Weve hs 


ttt 


4p 


Cre | patbiluce: dR jyanandupees aA 
hth 


chew h ie is Bhp kad 


sxeigchilnisibe avpaad tenk 
Bre, ig ont “an mo “oe tah, 8 


"bP Renae, We sien 
Ie ow a) Ara 8 Phy fe: IAN 


eat ‘amid mar, pao 


i 
fr Ae f 

5 wy 

* ; Le " 

‘ By aT 

ae i ty 

\ . { mt 
| 


AS ; PN iy a4, Ag) a 


TREE is 


if 


ey 


4 diy ROM een ‘gt chee ty: gfon ey bos ‘aesgoet ay ie - tom 


ey suena see. Donen ep ad)" 


ogo alo sna, desi. va 


ao 


Read? a. nt cd aie 


~e ty py ane ens a-ak 


ye ao ranean * aaa sland 


” 


ay oe 


Pils 


neat) ‘ et a 


DEWAARD, D., 1966. The Biotite-cordierite-almandite subfacies of 
the hornblende-granulite facies. Can. Min. vol. 8 p. 481. 


» 1967. The Occurrence of garnet in the granulite facies 
terrane of the Adirondack Highlands and elsewhere: an 
amplification sand tasreply.4 Jour:)Petrrol. “volet8e'p,, 210. 


DOSTAL, J., 1975. The Origin of garnet-cordierite-sillimanite bear- 
ing rocks from Chandos Township, Ontario. Contr. Min. 
Petrol epwols 49. p. 163. 


DRURY, S. A., 1974. Chemical changes during retrogressive metamorph- 
ism of Lewisian granulite facies rocks from Coll and 
Tipe. (scot. ours Geol simivodes NO) 9 gpa 12377 -< 


EHLERS, E. G., 1973. The Interpretation of Geologic Phase Diagrams 
San Fransisco, W. H. Freeman. 


ENGEL, A. E. J. and C. G. ENGEL, 1960. Progressive metamorphism of 
the major paragneiss, northwest Adirondack Mountains, 
New York: Part II: Mineralogy. Geol. Soc. Am. Bull. 
vol. peak. pt ale 


2 
PLEED, M. E., O74. Wartitvon. of) Me<andiie in coexisting pyroxenes. 
Conpe Min. wPerrol..- vols. 440. «251. 


FROESE, E., 1963. A Chemical study of garnets from the Stony 
Rapids area, Saskatchewan. Can. Min. vol. 7 p. 698. 


FYFE, W. S., 1973. The Granulite facies, partial meiting and the 
Arehaean, crust.) , Phid., Teans:.) Royal Goa. London “vol. 273A 
Dp» 457. 


and F. J. TURNER, 1966. Reappraisal of the metamorphic 
facies concept... “Contr. Minssuemrole. volnel2 yp 354. 


_» F. J. TURNER and J. VERHOOGEN, 1958. Metamorphic reac- 
tions and metamorphic facies. Geol. Soc. Am. Memoir 73. 


GABLE, D. J. and P. K. SIMS, 1969. Geology and regional metamorphism 
of some high-grade cordierite gneisses, Front Range, 
Colorado. Geol.?Soc. Am. Sp. Paper 128. 


GREEN, D. H. and A. E. RINGWOOD, 1967. An experimental investigation 
of the gabbro to eclogite transformation and its petro- 
logic-applications. Geochem. et Cosmochem. Acta vol. 31 
Den (OU. 


GREEN, T. H., 2969... High=pressure experimental studies on the 
origin of anorthosite. Can. Jour. Earth Sci “vod 16 


p-. 427. 


ae de ; i i ‘ 


%b mak nivached pues ; cant 4 
Oa Sy ee toe’ Gee ve 


elon? sdk iit ott oy JGOBR 
f 2 Oo ne ao thei. ‘ : 


1) ee 2 :, Saw fastyt: ny 


eihs 


Wit a8 
en 


—‘piod ih ngatts ikened staan ‘to 


Me aol, desist 


heetilae Poa ay, Lua rye toot media! 2 kits ‘L 
busy PLAT ees whoa RakaeS” estiseway aber 
=! NES ee OF uh oW se } De ae , 


salah ough See : 


ro, sed Hg lin ttgaatglkc 
"  wiietent doaBavebbh gas oe, hav 
Ati ah wp hone “oni Fi 


A Coie y. 


.aaoex tery ybteinaen “oh "a da 4 . 
i ii; or t a tink 


sil ke i | 
| peal iach, 


os! GK bum nid au) 1 Oe 
7 wit od : 
ae ahy a" vA i ee 
a ¥ : 
' ie rey i ae 
; ha , : : i Bs ; : : : Mt _ 
= ime sii tal: eet ig A eet ai a oe pe ar 
he ere ieee eee 
> ; oy 
= 
= 
a 
4 | 


80 


GREEN, T. H. and R. H. VERNON, 1974. Cordierite breakdown under 
high pressure, hydrous conditions. Contr. Min. Petrol 
vor. Ao pp. -215., 


HALL-BEYER, B. M., 1976. Geochemistry of some ocean-floor basalts 
of ccentralebeitish ‘Columbia. ‘Unpub: MerSe;cthesis, 
University of Alberta. 


HEIER, K. S., 1973. Geochemistry of granulite facies rocks and 
problems of their origin. Phil. Trans. Royal Soc. 
Eoudon Tyal 82734 Ypwt429% 


Zyl So Ra IDNWOR., IOs! Distribution of Li, Na, K, 
Rb, Cs, Pb and Tl in southern Norwegian precambrian 
alkali feldspars. Geochem. et Cosmochem. Acta vol. 
USEVD'S R284 


and K. THORESON, 1971. Geochemistry of high-grade 
metamorphic rocks, Lofoton-Vesteralen, north Norway. 
Geochem. et Cosmochem. Acta vol. 35 p. 89. 


HENSEN, B. J., 1971. Cordierite-garnet equilibrium as a function 
of pressure, temperature and Fe/Mg ratio. Carnegie 
Inst teWash. 2Yrbkee 7 Leper sss 


HIMMELBERGER, G. A. and W. C. PHINNEY, 1967. Granulite facies meta- 
morphism, Granite Falls-Montevideo area, Minnesota. 
Jods; *Petrols *vol- Sh pies2o 


HOFMANN, A. W., 1975. Diffusion of Ca and Sr in a basalt melt. 
Carnegie Inst. Wash. Yrbk 75 p. 183. 


HOLLAND, J. G.tand®R? Sti) EAMBERT, =19695 tructural regimes and 
metamorphic facies. Tectonophys. vol. 7 p. 197, 


, 1972a. The Geochemistry of Li in the mainland Lewisian 
of Scotland. Proc. Intl. Geol. Congress, 24th session, 
Section 10 =p. 169. 


, 1972b. Major element chemical composition of shields 
and the continental crust. Geochem. et Cosmochem. Acta 
vole, 30) §p. 673. 


HOLLISTER, L. S., 1973. Granulite facies metamorphism in the Coast 
Range Crystalline Belt. Can. Jour. Earth Sci. vol. 12 
ps. £953. 


HOWIE, R. A. and A. P. SUBRAMANIAM, 1957. The Paragenesis of garnet 
in charnockite, enderbite and related granulites. Min. 
Mageeevol. 31) ps 505% 


v4 is) bs a 
4 ] a fe 


sn tei ilnaadiell 


towed, canon “sabes 


wotaeys teas 
Dales seal pega i" i 
renew mere wibY i 
3 | pool. nadcain Mirae: a 
oe aii a gar We! nave 
arog 3 ein eh unk tae peers | 
1 te Rates eer 
ivi dbieeall. 29 aah 
Lanta — 
etwhsaun: ty bing 
feel, tliat 
tA 
vee 


81 


JAROSEWICH, E., 1972. Chemical analyses of five minerals for micro- 
probe standards. Smithson. Contr. to Earth Sci. no. 9 
Dsi 133. 


KANO, H. and Y. KURODA, 1973. On the chemistry of coexisting garnet 
and biotite in pelitic-psammitic metamorphic rocks, 
central Abukuma, Japan. Jour. Geol. Soc. Japan vol. 79 
Da OZ. 


KATZ, M. B., 1968. Retrograde contact metamorphism in the granulite 
facies terrane of Mont Tremblant Park, Quebec. Geol. 
Magianvol.: Wbxe p87 . 


KRANCK, S. H., 1955. Geology of the Stony Rapids Norite area, 


northern Saskatchewan. Unpub. M. Sc. thesis, McGill 
University. 


KRETZ, R., 1959. Chemical study of garnet, biotite and hornblende 
from gneisses of southwestern Quebec, with emphasis 
on distribution of elements in coexisting minerals. 
Jour eGeol .« VodeeGiieo. LoS. 


_, 1963. Distribution of Mg and Fe between orthopyroxene 
and calcic pyroxene in natural mineral assemblages. 
JOM. GEOL dan VO dal Par / 15% 


LAMBERT, R. StJ., 1976. Archaean thermal regimes, crustal and upper 
mantle temperatures and geotectonics. in The Early 


History .of the Earth, ed. B. F. Windley. p. 367-373. 


and J. G. HOLLAND, 1974. Yttrium geochemistry applied 
to petrogenesis using calcium-yttrium relationships 
in minerals and rocks. Geochem. st Cosmochem. Acta 
VOle, OO. pe eles. 


LINDSLEY, D. H., 1961. Investigations in the system Fe0-Fe,0,~Ti0,. 
Carnegie, Inst; Wash. Yrbks 61 p’.) 100. Ss 


» 1962. Fe-Ti oxides in rocks as thermometers and oxygen 
barometers. Carnegie Inst. Wash. Yrbk. 62 p. 60. 


MANNA, S. S. and S. K. SEN, 1974. Origin of garnet in the basic 
granulites around Saltora, West Bengal, India. Contr. 
MintaPetrol., vol. 44°gp. “895. 


MARTIGNOLE, J. and K. SCHRIJVER, 1971. Association of (hornblende)- 
garnet-clinopyroxene "subfacies" in metamorphism and 
anorthosite masses. Can. Jour. Earth Sci. vol. 8 
Pier, GIS. 


~oy oh nok, eladentts ovit 20 orctnst ; rs 
e , Or | one amare ed: ian miata 


x 


tanteg pilsekxeos tolimapanaie: edt sabi 
sealopt, of der omn3 Oat. ods immiege-p id thew at) odd: 
Ot ,loy gagqnl .508 L089 vee heal nmusodh Js ki 


— 


ia sails ek ss mr ~ ae ; 
wa Reneads e nae mh giultlerseanactindl 45bsA09 aiegeren. i a 
Load ,aadeud stat. dre dove. 300M, 30: pat ae : 

| aol ie =p 


2 |, BOTS: pve) shige ‘ena els. seccuaines tees - a -. 
lito einods Pro a roma pernaabaiine aed 


in Dei cussed ae 


sboaidarot hiv, wi btoikd aot to. thuve daptaeto ater ws “ 
atendqne titi cada mosaawisiiag, Wo ® Pare 

-elexonker are Rat " qi nenake. he a 
; eet ie i — Greard “awoke 


sanagudiaas eeeted ‘a bas. git: do aohsvdtagare ) 
a as i Jeremie basusen: nk, ovexoryd , io feee 
in EAN. a TS) gy 
ie aa 
; sequin hes Insound pee ‘Jeuoagn 
) gird, ann. sek @DLAGS 2GTORB ban 
EEHSAE 4. sodbatW a wh adh 


bak lqae ‘eesti rest: 
| a ‘tedoomed 3 


sda ath rere ; 

sim ges megaee: eye 

_ OOK eg one ee 

Bagyxo pear ahaa oh also ‘pabpna. tf 
8; a a ier bmi leah . i ts 


+ Sage w§ et 4 a ere . 


WNT i 3 
ig agen to metaatooess a 
|, Nees 96.2 yxonmpsim aapie “eabactdas 
i 8 hove awe, amd: 


82 


MARTIGNOLE, J. and K. SCHRIJVER, 1973. Effect of rock composition 
on appearance of garnet in anorthosite-charnockite 
SuLressc, ) Conan wOUua Earthroct. ‘vol. LO p. L132. 


MAWDSLEY, J. B., 1957. The Geology of the Middle Foster Lake 
area, northern Saskatchewan. Sask. Dept. Mines 
and Res. Report 26. 


MEHNERT, K. R., 1971. Migmatites. _New York:. Elsevier. 


MIYASHIRO, A., 1953. Ca-poor garnet in relation to metamorphism. 
Geochem. et Cosmochem. Acta vol. 13 p. 1/79. 


MOORHOUSE, W, W., 1959. The Study of Rocks in Thin Section. New 
York: Harper and Row. 


MUERewil. sD... 1958. - The composition of coexisting pyroxenes in 
metamorphic assemblages. Geol. Mag. vol. 95 p. 403. 


MUNOZ, M. and J. SAGREDO, 1974. Clinopyroxenes as geobarometric 
indicators on mafic and ultramafic rocks from Canary 
islands. Contr. Min. Petrol. vol. 44 p.2439. 


MYSEN, 2. O. and. S..HEIER, 19/205 Petrogencsis of eclogites in 
high-grade metamorphic gneisses, exemplified by the 
Hareidland Eclogite, western Norway. Contr. Min. 
Peteol. vol 36). te 


NEWION, Rs Cayel. V« CHARLU, and 0. TJ WUEPPA, O74. » A calorimet ric 
investigation of the stability of anhydrous magnesium 
cordierite with application to granulite facies meta- 
morphism. Contr. Min. Petrol. vol. 44 p. 295. 


NIELSEN, P. A., 1976. Unpub. Ph. D. thesis, University of Alberta. 


NIKITINA, L. Pa, iW.Y. «ZEVELEVA, and. Ve0P. MARCHAK, (1967... Iso- 
morphism of iron and magnesium in coexisting ferro- 
magnesian minerals of mafic granulites of the eastern 
Sayan Range. Geochem. Int. vol. 4 p. 783. 


OFTEDAL, J., 1943. Scandium in biotite as a geologic thermometer. 
NOGSK GeO! me liddsemewvOl. 2a Z02, 


PARKER, R. B., 1974. Major element distribution in folded granulite 
facies rocks. Geol. Soc. Am. Bull. vol. 85 p. ll. 


PRIDER, R. T., 1945. - Charnockite and related cordierite~-bearing 
rocks from Dangin, Western Australia. Geol. Mag. 
VON Ole Der als 


& Pi v ee ee a 
eo : <i i Rs a } 


nh i A i 
1 ; 


iste dette eta pooh 3 

uc autne)-otke ‘J a 

ctsg. a a tov, ial 

ote, 2 wre | eurbhinttoaets , 
puail “3G — ig 


1 


¥ 


iin 3 45 Baers bo F . 
Ak a ef. fy pars 


i} emanate udiiotiens Fo. wake 

Ps g - Vie eee 
pagan dia ctoyn ai ace 
iyseearsaiaenie mS ieGe 
Ys, wort gsr 92 
: mn “4 MA tee 
7 AE Dy 


Wisc 
he nr igo tine Re maw 
onS. Ye hort sqoiae, oer 
<0 2000 notte 

ay ae ae io: 

5téenaive ban A WOLD gs | 
es Segre eee <a 
~piqn amelie)’ ei a4 
v! . ates ae 


ITAA Bere ee 


4 7 
Rint Nf “ 


aR 


Ns Mpa 


reas oe P Lite ' Sues 
Estes a et eS e 


mi inning aubitgy: e aaah tai 


ae 


Hae Clb, Ley, dul ant aoa, c iso —— 
: rt he { ih 
‘pad “palatal et Beoatr? DOL st Fi mato | 
a OP) ve dint k oer ate gtd —, Low " . 
a : nl i. i - : aa ; ai 
° hh os my r 
‘ i oY ea = = s 
i | a "y\ 
r i , a | 7 PL ; , ‘ 
| &=— | is i] / 1 


RAMASWAMAY, A. and M. S. MURTY, 1974. Minerais from the charnockite 
series of Amaravathi, Andhra Pradesh, South India. 
Mim. Mag.) vole? p. (807. 


RAMSAY, C. R., 1973. Metamorphism and gold mineralization of 
Archaean metasediments near Yellowknife, N. W. T. 
Unpub. Ph. D. thesis, University of Alberta. 


RAY, S., 1970.. Significance of hornblende compositions from 
basic granulites of the type charnockite area near 
Madras. Neues Jahrb. Miner. Monat. 1970. p. 456. 


REINHARDT, E. W., 1968. Phase relations in cordierite-bearing 
gneisses from the Gananoque area, Ontario. Can. 
Jour Barthesci.wavolss5. pp. 445; 


SAXENA, S. K., 1968. Distribution of elements between coexisting 
minerals and the nature of solid solution in garnet. 
omae Min. wols. O38 po 994. 

SCHREYER, W., 1958. Natural cordierite bearing rocks. Carnegie 
InstyoWashi-Yrbihogo0u ep ae90'. 


Andee om CODER eo ao. Cd-H,0 Systems, Carnegie Inst, 
Wash. Yrbk. 58. p. 100. 


, 1964. The System Mg-cordierite - water and re ated 
rocks.» Neves |Jahrb. Miners Abh. «vol, 107, p.« 301. 


SEN, S. K., 1970. Mg-Fe compositional variance in hornblende- 


pyroxene granulites. Contr. Min. Petrol. vol. 29 p. 7/6. 


and S. RAY, 197la. Breakdown reactions for natural 
hornblende in the granulite facies. Neues Jahrb. 
Miner, .Abh., .vol.Ald4 pa s0h 


, 1971b. Hornblende-pyroxene granulites versus pyroxene 
granulites: A study from the type charnockite area. 
Neues Jahrb. Miner. Abh.. vol. 115.p. 291. 


SIGHNNOLFI, G. P., 1971. Investigations into deep crustal levels: 
fractionating effects and geothermal trends related to 
high grade metamorphism. Geochem. et Cosmochem. 

Acta. peevol.ee3> bapa L005. 


and A. M. SANTOS, 1974. Thallium in deep=seated crustal 
rocks. Geochem. et Cosmochem. Acta vol. 38 p. 641. 


SPRY, A., 1969 . Metamorphic Textures. Toronto: Pergammon Press. 


83 


cs 


9" Ab departs gels 
ve Bort Mea at fee 


‘a cea 
ib et (atte c 
ean 40 | 


oo © 
TONE cere 


, pthaaaseoe 
arte ah 


Sant base : a ah | 


ban! ay ead: sassy 
AME oo TORE binicl 


Aes) tian: ‘ abil 
r Ne hy Base 


ea ai = Bares’ 
‘Spee et Raise : r wie : 
f | a | ae ’ 
‘cena geben ' pha 
©? Leatet aber : 
savior) ol , lege 
} oo, - 45 fe ¥ 
Se) CNS wae i wes ons 
Pe Deer aa: bospoureosl Haghitenob ; cP ae Lia y Abbas: : ni - aan AN 
Tad : ah , 2oaew 1 7 ae 7 aa 
| wht be. rom oe ie ye) is ; “eee | ee AR et” 
| a me es ) 
, tear’ niamame tS, aces a ere) Mee? | R75 4 eael. ts A, efate me 
4 aa - " 
4 coy 
oe 2 f u a : i 
; _ J ay ‘i Pi ai : 
fe =o . a ~ ae oe r% 
= . We aoa) 


84 


TAYLOR, S. A. and K. S. HEIER, 1958. Alkali elements in potash 
: ‘feldspar from the precambrian of southern Norway. 
Geochem. et Cosmochem. Acta vol. 13 p. 293. 


TILLEY, C.2E.:3. 1943. -Anthophyllite=cordierite granulites of the 
bazard. Geol. Mas. “vol. 74 “p. "300. 


TURNER, C. E., 1968. Metamorphic Petrology: Mineralogical and 
Field Aspects. Toronto: McGraw-Hill. 


VERNON, R. H., 1972. Reactions involving hydration of cordierite 
and hypersthene. ‘Contr. Min. Petrol. vol. 35 p. 125. 


WAGNER, M. E. and M. L. CRAWFORD, 1975. Polymetamorphism of the 
precambrian Baltimore Gneiss of southern Pennsylvania. 
An. Joune Sed, ovoln ws “p. ©6557 


WHITE, A. J. R., 1964. Clinopyroxenes from eclogites and basic 
granulites. Am.. Min. vol. 49 p. 883. 


WINKLER, H. G. F., 1967. Petrogenesis of Metamorphic Rocks. 
New York: Springer-Verlag. 


WONES. D. R./-and H. P. BUGSTER, 1958. Biotites on the join 
phlogopite-annite. Carnegie Inst. Wash. Yrbk. 58 
Die Ds 


WOOD, B. J., 1975. The influence of pressure, temperature and 
bulk composition on the appearance of garnet in ortho- 
gneiss —- An Example from South Harris, Scotland. 
Facth andi Plan. ScitwilLett. vole? 26 p. 299. 


and S. BANNO, 1973. Garnet-orthopyroxene and orthopyrox- 
ene-clinopyroxene relationships in simple and complex 
systems. Contr. Min. Petrol. vol. 42 p. 109. 


WYNNE-EDWARDS, H. R. and W. HAY, 1963. Coexisting cordierite and 
garnet in regionally metamorphosed rocks from the West- 
port area, Ontario. Can. Min. vol. 7 p. 453. 


YODER, H. S., 1955. Role of water in metamorphism. Geol. Soc. Am. 
Sp. Paper 62 p. 505. 


and A. CHINNER, 1958. Gr-alm-py-H,0 system. Carnegie 
Tnst. Wash. Yrbk. 56° p. 109. : 


 danahy ak et 
| eae ) 
a nr ORe i 


A | a 
Wee: wea) 
‘mtanehyanha 
bie 
Bérn: ena ae 
yelno a2 Jomeng: 26) eamete 
beatae igh 
; gee but Lie 
me aeaer re) ein «| aie} 
wed gerrice’ hopes Rha ing 
| WE hs oe 
heme ppite 
—) ee ge ch |: mf 
a mn ae ‘hed 
ah iter pai: want 
| efi | “a 
olgerec! _.p tage eget et 
) ) edt! ‘oA ie 
= "a er _ a avd 
iad { j T 7 a ut ® 
7 ? ;, iors = 48k gee eae we rae . 
. » an a : ’ oe . = 4 _ - y = 
7 | . 2 oe a 
a ' “hy eis . a ae ‘ 


85 


TABLE I: WHOLE ROCK CHEMISTRY 


I Two-pyroxene Gneisses, thin section identification 


7082 7083D 7083F 7083G 70831 
Si09 48.9 54.2 CEH 45.1 
ALO, 14.4 15.0 9.17 ae 
Fe * 15.6 13.4 14.0 1327 
MgO 6.09 6.72 20.0 Tyee 
CaO 9.85 os 8.36 7.78 
Na,0 2275 2.61 1.08 0.48 
K,0 0.27 0.54 0.65 3.39 
T20,, 1.66 mys On 0.92 
MnO 0.25 0.07 0.21 0.22 
BOO. 0,21 0:13 0.06 0.07 
S 0 0 0 0 
et rie8 28.4 39.6 23.7 Bae0 
Sc 28 30 7 9 10 
V 430 390 260 260 250 
Cr 250 360 2100 2000 1700 
Ni 18 87 520 933 691 
Cu 60 171 240 18 12 
Zn 119 110 46 116 124 
Rb 3 4 7 24 260 
Sr 147 oo? 193 26 29 
Y 24 40 20 15 15 
Zr 62 95 179 42 40 
Nb 2 13 2 3 2 
Mo 2 2 2 1 1 
Ba 70 405 128 55 C7 
Pb <10 10 10 10 20 


* Fe is expressed thus to indicate that, while calculated as Fe5045 


: , ; eee: 2+ -+- 
total Fe was determined with no differentiation between Fe and Fe? 
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TABLE I continued... < 


II Two~pyroxene Gneisses, hand specimen identification 
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TABLE I continued... 
TII Quartzofeldspathic Gneisses, thin section identification 
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TABLE L continued... 


IV Quartzofeldspathic Gneisses, hand specimen identification 
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TABLE L continued... 


V Gt-Cd-Sil Gneisses, thin section identification 
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TABLE I continued,.. 


VI Gt-Cd-Sil Gneisses, hand specimen identification 
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VII Uncertain identification, hand specimen 
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ViI Uncertain identification, hand specimen, and altered rocks of 


uncertain protolith 
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TABLE Ia: K/BA, K/RB AND AVERAGE ANALYSES BY ROCK TYPE 
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TABLE IIL: MINERAL ANALYSES 


I Hornblendes 


All are from two-pyroxene gneisses; 24(0) basis. 
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Table III continued... 
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Table LIL continued. 


IL Hornblendes 
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Tape: til continued... 


II Clinopyroxenes. All from two-pyroxene gneisses, om 6(0) basis. 
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Tapeh) —COmeanueds «. 


II Clinopyroxenes. 


7083F 7083K 
S10, Dawe S402 
Al,0., yee aes 
uFe 10.47 10.70 
MgO L7G 59 13.83 
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Table ILE continued ss. 


III Orthopyroxenes. All from two-pyroxene gneisses, 6(0) basis. 
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Nay0 a = = “as - = 
K,0 = “s = = = 3 
TiO, = = = 0.05 0.22 O.17 
MnO 0.42 0.36 O255 0.14 0.13 0.16 
Cro., 0.09 0.08 0.06 = Oi. 6 - 
BaO - 2 = = + = 
Other Oto nd = Oe NE Ooi NE 0.09 Ni 0.16 Ni 

0.05 Zn 0.05 Zn 0.04 Zn 

yl 2500 2206 ie ke: 1.97 1294 1. 96 
Al 0.07 0.07 Ot 0.04 0.06 0.04 
Fe"* 0.55 0.56 0.32 0.42 0.47 0.46 
Mg dB p9 say a St t.a3 dine SO pe) 
Ca 0.01 tr 0.02 Ody 0.03 sy 
Na 0.01 s - 3 = = 
K e = = 4] < As 
Aga - = = CL eae Eas 
Mn to 0.08 tr 0.02 0.01 0.03 
Wo i is 1.4 10.4 1.6 et 
En 72 hee ss UP 65.8 726 ise 


i 


HEBOX 


02.0% 


Zev iN [ 


90.€% 
Now 


Mm v1.0 
nS 60.0 


ae. 


. #0.0 


peo 
ae ae 


te..0 


ee a a a =i | 
m4 — e6e0" a 
a. ee 7 ae 


18.88 ; “yea | my a dete , 


102 


Pables lib vecontinued: 7. 


TIT Orthopyroxenes 


70831 7083N 7084N 7083N 70831 
Si0, 50.18 54/77 51.91 49.51 54.12 
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Mg0 22.25 34 7 24.19 20.30 12.17 
Cad 2.79 ° 0.80 0.44 5.54 0.56 
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Table III continued... 


IV Biotites. From two-pyroxene gneisses; on a 24.(0) basis. 


7083H 70831 70832 70831 7087 7087 
$10, 42.21 43.00 37.79 39,32 43.49 awe 
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Tabhe wih continued. . 


IV Biotite, from gt-cd-sil gneisses and pegmatite (7079) 
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IV Biotites, from quartzofeldspathic gneiss. 


V Ilmenite and Magnetite, on a 6(0) for ilmenite and 32(0) magnetite. 


1093 7093 ITlmenite Magnetite (both 7083D) 
$i0, 34.89 38.64 = 0.16 
A1,0, ean 15.99 ! 0.87 
Fe 241 26 16.51 1 os 97.60 
Mg0 Teese 16.45 z 0.19 
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Na,0 0.15 0.29 2 “ 
K,0 7.08 8.37 A z 
Ti0, 0.05 3,38 54637 0.41 
Mo . : 1.78 0.23 
cro, = - = 0.06 
BaO 0.09 = me = 
Other Q2ety || (633 ¥ 0.12 Zn 0.14 Zn 

| 57 V 

Si 5e23 5.67 “ 0.08 
Al 2.54 NOE ‘ 0.08 
a 2.16 1.19 1.74 15.84 
peo. 0.52 0.60 . 8.16 
Mg 3.24 a0 - 0.08 
Ca a + oe fo 
ap tr 0.08 Q 
x 1.34 ilepats hs : 
th 0.03 0.37 2.20 0.08 
Mn E: a 0.0 tr 
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Table Ill continued... 


VI Plagioclase - two-pyroxene gneisses. Formula units not calculated. 


7083H 7083H 7083H 7083N 
Sid, 53.00 48,90 43.28 54.01 
A1,0. 27.62 30.96 30.85 27.09 
LFe 0.19 0.22 0.34 0.49 
MgO = = = 0.13 
CaO 10.02 13.64 be 4 OT 
Na,0 5.98 3.08 3.10 4.46 
K,0 0.18 0.34 Gaz Op Ip 
Ti0, = a = = 
MnO - - = 
CrO = 0.05 0.06 = 
BaO = = = = 
Other 0.07 Ni 0:06 Zn. = - 
Or 1.0 Dowd Os 0.8 
Ab 51.4 28.4 eet 40.5 
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Table ull weon bimited... 


VI Plagioclases: Quartzofeldspathic gneiss (7093), Gt-cd-sil 
gneiss(7079 and 7050; 7079 is pegmatite). 


7093 7093 7093 7050 7079 

Si0, SO” Seo) D4e55 58.83 (Gils Sh 
A140, S220 PA ay 29.09 ZOD Dib 395) 
i¥Fe LP 66 ibis eS 0.6/7 Oat? OF 37 
MgO a Be 0.83 Oss 29 Oeo7 
Cad 8,92 9.14 9.45 TOG FAOZ 
Na,0 Sige Bow 3.89 8.28 No Be 
K,0 259 Bes eS 3.94 Bball 
TiO, - = = = = 

MnO = = = ea = 
Cro, = = = = = 

BaO -_ = = os = 
Other Oh LI An = - - = 

Or iL )gulk Sie of it 226 ie: 

Ab Biles 3553 38 Pas By// 


An 49.5 46 a 5.0 aye 
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VII Alkali Feldspar: From two-pyroxene gneisses (7087), quartzo- 


feldspathic gneisses (7083E) and gt-cd~-sil gneiss (B/079A) 


7087 
Si0, 62.40 
A150 of eele2. 
dFe Zo 
MgO = 
CaO = 
Na,0 ORES 
K,0 NLP uRe SYS: 
TiO, - 
MnO = 
Cro, - 
Bad 1.65 
Other - 
Ox 95.0 
Ab 0) 
An og 


Celsian So 


7087 


63.24 
16.94 


Lae 
0.10 


0.13 


14.74 


96.0 


7083E 


66.10 


16.96 


0.10 


059 


a9 


7083E 


66.20 


to.92 


0.34 


2.54 


12.04 


0.28 


0.04 V 


23.8 


1.6 


B7079A 


67.88 


17.46 
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0.42 
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Table IIL continued... 


VIIL Garnets. All from gt-cd-sil gneisses; on 12 (0) basis. 


A7079A — A7O79A B7079A C7079A C7079A C7079A 

Si0, 36.04 36.10 Ds Ads. 43 3%. 62 bl, 47 

A1,0, 25.39 21.85 20.99 23. 42 20.19 23, 3) 

EFe 32.20 a 55 20. 3a 25.17 32,89 23.4: 

Mg0 6. 2B 6.78 cae. 7.85 7.38 7.78 

Cad 0.90 0.98 mee 1.06 1.05 1.01 

Na,0 ~ - - ~ - _ 

K,0 z : Z 3 

1, : : : . 

M0 0.64 0.66 0.81 0.84 0.86 0.83 

Cro, = = = = = = 

BaO = = = = = = 

Other L 4 " (gi gi0s03) Fn 
OnOSLCO 

Si 2.97 2.99 3.10 3.00 3.10 3.02 

Al 2.48 Deg 2.00 1.93 1.98 1.99 

noe 1.97 a ig 1, 35 1.99 1.47 

Mg 0.77 0.89 0.92 0.85 0.91 0.80 

Ca 0.07 0.09 0.13 0.08 0.09 0.09 

Na = = y ar mas = 

z : 2 i i 

Ti : : : : - 

Mn 0.04 0.04 0.12 0.05 0.03 0.06 

Py 27.0 28.3 25.3 36.5 30.1 aon L 

Alm oat 67.5 ean 57.9 65.9 60.7 

Gr 2.5 2.9 aa6 3.4 3.0 3.7 
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Table III continued... 


VIIL Garnets 


C7079A C7079A 


Sid. 37.88 fae 3) 
A1,0, 22: 26 23.14 
LFe 25.43 25.44 
MgO 7236 weT9 
Cad 1.06 Vez 
Na,0 = = 

K,0 = oS 
TiO, 0.08 = 

MnO 0.74 0.74 
CrO, = = 

BaO = bi 
Other Oat Gi Oo. 10 
Si 3.01 3.00 
Al 1.98 Loy 
Ret 1.36 1.38 
Mg 0.86 0.86 
Ca 0.09 0.09 
Na ses = 

K f) E 

he Lk = 

Mn 0.05 0.05 
Py 36.4 36.5 
Alm 5855 58.4 
Gr SAS 3.8 
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Table Lil continued... . 


VIII Garnet (7099); Cordierite? (A7079A, 7093, 7096) on 18(0) basis3IX; 


x: "alteration product" (B7079A) on 24(0) basis. 
7099 A7O79A 7093 7096 B/O79A 

Si0, S510) 41.95 5y2 AOS AT Ais! 44.40 
Al,0, Os SO 38.06 By3h5 A Bila 72 39.83 
“Fe Silee//S 5 Sik Page SiO) (Sin See 8.41 
MgO 6.86 » AMO Stas 1.80 9.36 OAM 
CaO 0.89 On2es 2.04 0.24 0.26 
Na,0 ~ - 0.24 - - 
K,0 O05 0.43 WOES Bs 1s 0.61 
Ti0, - - - ~ - 
MnO 1S OM - _ - - 
CroO, ~ - - - - 
BaO - - - - = 
Other 0.04 Zn - 0.05 V - = 

Si 3.00 2.46 B5 il S200 1S) 
Al Qe On 2.64 DEST 2.66 4,39 
ay O36 0.13 0.39 : 
ce 1.96 ‘4 : E 0.57 
Mg 0. 86 On95 ORLY 0.78 Ay 
Ca 0.08 EG OLS ioe O03 
Na - ~ OFO3 = = 
K tr O4 0.67 O25 0.09 
ial _ = = = = 
Mn 0.07 = = = = 
Py 29.0 

Alm 68.0 

Gr 2a 
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TABLE IV: MG/(MG+FE) RATIOS FOR VARIOUS MINERALS 


Sample garnet biotite opx Cpx hb ca? 
7079 O30 a .67 
.66 
7O079A -20 2) rh 2 
BO RC2) 
ECL ) 
23D 
.38 
oe) 
7083D AO) 
tC?) 
13 
7083F Ale ai: 
Te eo 
7083G Sri) pol. 
84 
7083H 216 68 
she 
ST BEGL) 
70831 Pe ae ©) .68 ae en) (2) 
270 - 80 af i 
76 
7083K seh ape 
7083M 78 ae 
wo (3 
7083N MoS MWA), oe) 
./0 210 
<i 
7087 aon 
- 96 
7093 5) 263 
5 Oy P58 
7096 .68 .64 eS 
14 
7099 41 09 
43 
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APPENDIX: ANALYTICAL TECHNIQUES 


Microprobe analysis 


Rock chips were prepared a polished thin sections and analysed 
using the University of Alberta ARL-EMX microprobe. FEnergy-dispersive 
analysis was carried out using an ORTEC Si(LI) detector and electronics 
of 15 kv and 0.300 amp beam current. Counting time was corrected for 
integrated probe current, and data was reduced using the EDATA program 


at the University of Alberta Computer Centre. 


Standard Elements 
Kakanui Augite Mo, voi, Gai, -Mo 
Hohenfels Sanidine Ky AL 


Albite (Clevelandite) Na 

Odergaarden Ilmenite TiL,. Be 

Stillwater Chromite V5. Cra tht Co 

All other elements referred to default values. Sample points were 
located by mapping and inscription of the ener microscopic 


examination. 


X-Ray Fluorescence 
Whole rock powders were ground to 0.05 mm, compressed into 
pellets and analysed on a Phillips 1212 using major international 


standards for major elements and spiked Pilkington glasses for trace 


elements. 
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Atomic Absorption 


Analysis was carried out on a Parkin-Elmer "503" with these methods: 


Rock powders were weighed out at 1.0000 0.0001 g and leached with 


10 ml concentrated HF and 10 ml concentrated HNO3. After evaporating 


to dryness, the dissolution was repeated. Samples were moistened, 


dissolved in 20 ml concentrated HNO, and evaporated to dryness. 
was repeated five times to remove F by destroying CaF. Samples 


moistened again, and 1 ml. concentrated HNO, added. About 50 ml 


was added and the solution allowed to evaporate to 15 mi. This 


filtered as necessary, diluted to 25.00* 0.01 ml and transferred to a 


stoppered bottle, 


Accuracy and precision were determined: ten splits were analyse 


This 


were 


water 


was 


al ieoye 


precision of technique. A blank was determined to evaluate Cr and Pb 


contamination from acids and Pb from air. Accuracy was determined 


using addition dilution. USGS standard basalt (BCR-1) and standard 


114 


peridotite (PCC-1) were analysed for comparison with published values. 


These results were . summarised as a margin of reasonable certainty and 


applied to the results according to the following table: 


Element BCR-l1,pub. BCR-1 PCC=iL8s pub’. PCC margin 

Li 1a re) WPS: 2 Zot 2% 

Sc £18) 31 6.9 7 ah 

V Boo 420 30 30 3% 

Cr AZENG 19 = = 5h 

Co results not used as a result of contamination from mill. 
Ni 1558 16 = = 3% 

Cu 18.4 18.3 isis 1S: 3% 

Mo sn 3 O.2 zZ 20% 


Pb 17.6 20 ES ieee. 20 50% 
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